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Abstract 
        Peroxidases, which belong to the reactive oxygen species (ROS) gene network, are enzymes able to 
catalyze oxidation-reduction reactions with hydrogen peroxide as the acceptor of electrons. Class III 
Peroxidases (EC 1.11.1.7, CIII Prxs) which belong to the so-called ‘non-animal’ peroxidase superfamily, 
have been detected in both later diverged and some green algae. They play important roles in the oxido-
reduction reactions. Along with the availability of genomic sequencing projects of some green lineages 
from earlier diverged to later diverged and the expansion of EST databases, the expert annotation of 
peroxidase genes has become possible. The data of this study were included in PeroxiBase which is a 
database with useful tools and increasing data for large-scale evolutionary analysis of peroxidases. 
        In this research, the evolution and expression of CIII Prxs in green lineage were studied following 
three strategies.  
        Firstly, the properties of CIII Prxs in one organism were analysed. E. grandis was taken as the object in 
this research. From the study, explosive tandem and segmental duplications of CIII Prxs have been 
detected. Species specific gene duplications have previously been characterized for CIII Prx.  
        The second strategy is the comparison between CIII Prxs and other peroxidase families in plants. 
1CysPrx, 2CysPrx, APx, APx-R, CIII Prx, Diox, GPx, Kat, PrxII, PrxQ and the ROS producer gene family Rboh 
were annotated in an expert and exhaustive manner from the genomic data available from E. 
camaldulensis, E. globulus, E. grandis and E. gunnii. In addition, a specific sequencing strategy was 
performed in order to determine if the missed sequences in at least one Eucalyptus species are the results 
of gain/loss events or of only sequencing gaps. The comparative analysis was conducted in this study 
which shows the different features of conservation, expression and duplication of the 11 ROS gene 
families as well as the characters about family sizes, gene gain and loss, expression profiles and the 
divergence dates of the four Eucalyptus species. Overall, the comparative analysis should be a good 
criterion to evaluate the adaptation of different species with different characters. And it is also a good 
indicator to explore the evolutionary process. 
        The third strategy is the global analysis of CIII Prxs in series of organisms from basal plants to the later 
diverged. The study was performed on DNA level and protein level. To exhaustively obtain the CIII Prx 
genes and considering that the data of basal plants are collected from EST libraries which mean that the 
gene numbers can not represent the actual numbers detected in the genomes, a genomic sequencing of a 
basal organism has been performed. The CIII Prx activity assay in various plants shows that the activities of 
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CIII in basal plants are much lower than CIII in later diverged. The annotation shows that later diverged 
contain more CIII Prxs while in basal plants there are much fewer or no gene detected. From the gene 
numbers and the protein activities a correlation between the isoform numbers and the activities can be 
established. CIII Prx gene structure analysis presents divergences within species and between species. For 
example, Spirogyra has one CIII Prx gene with the ancestral structure of 5 introns and 6 exons. We also 
propose a novel model for the intron gain and loss mechanisms which indicate that the classical gene 
structure with 3 introns is well conserved through the green lineage evolution. Marginal intron-loss/gain 
process can be observed. About other features of the structural evolution, a hypothesis of increase of 
cystein residue number mechanism and emergence of speciifc motifs are proposed. In sum our research 
raises novel insights into the evolution of CIII Prxs which should provide instruction or candidate genes for 
the further functional study. 
Key words: ROS, peroxidase, PeroxiBase, CIII peroxidase, gene duplication, intron gain / loss  
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Résumé 
        Les peroxydases qui appartiennent au réseau de gênes associés aux espèces actives de l’oxygène 
(ROS), sont des enzymes capables de catalyser des réactions d'oxydo-réduction. Elles utilisent le peroxyde 
d'hydrogène comme accepteur d'électrons. Les peroxydases de classe III (CE 1.11.1.7, CIII Prxs) qui 
appartiennent à la superfamille des peroxydases «non-animal» jouent un rôle important dans la lignée 
des plantes vertes dans les réactions d'oxydo-réduction. Avec l’avènement des projets de séquençage 
génomique couvrant l’ensemble de plantes de la lignée verte et l'expansion des bases de données d’ESTs, 
l'annotation d'experts des gènes de la peroxydase est devenu possible. Les données d’annotation 
disponible dans cette étude sont disponibles sur la PeroxiBase, qui est une base de données dédiée aux 
superfamilles de peroxydases. Cette base est dynamique et inclut  des outils utiles pour l’analyse.  
        Dans cette recherche, l'évolution et l'expression des CIII Prxs ont été étudiés suivant trois stratégies. 
        Tout d'abord, les CIII Prxs ont été analysées de façon exhaustive dans un organisme spécifique. E. 
grandis a été choisi pour cet aspect de ma recherche. Dans cette étude, un nombre important de 
duplications en tandem et segmentale de CIII Prxs ont été détectés. Ces événements de duplications de 
gènes spécifiques d’une espèce avaient déjà été observés pour la CIII Prx mais sans atteindre des niveaux 
aussi élevés. 
        La deuxième stratégie concerne l’analyse comparative entre la famille CIII Prxs et d'autres familles 
peroxydases. 1CysPrx, 2CysPrx, APx, APX-R, de CIII Prx, Diox, GPx, Kat, PrxII, PrxQ et les RBOH ont été 
annotés de la manière experte et exhaustive. 4 différentes espèces d’eucalyptus,  E. camaldulensis, E. 
globulus, E. grandis et E. gunnii dont les génomes sont disponibles ont été analysés. De plus, une stratégie 
spécifique de séquençage a été réalisée afin de déterminer si les séquences manquantes dans au moins 
un organisme sont le résultat des événements de gain ou de perte de gène ou seulement due à une 
lacune au niveau du séquençage. L'analyse comparative a été menée et montre les différentes fonctions 
de conservation, d'expression et la duplication des 11 familles de gènes ROS ainsi que les caractères sur la 
taille des familles, le gain  ou  la perte de la gêne, des profils d'expression et les dates de divergence des 
quatre espèces d'eucalyptus. Dans l'ensemble, l'analyse comparative peut être un bon critère pour 
évaluer l'adaptation des différentes espèces suivant leurs environnements. Et il est également un bon 
indicateur pour explorer le processus évolutif. 
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        La troisième stratégie correspond à l'analyse globale des CIII Prxs dans une série d'organismes 
incluant  des  plantes ayant divergées précocement ou plus tardivement. L'étude a été effectuée au 
niveau de l'ADN et des protéines.  
        Parce que les données de plantes ayant divergées précocement proviennent principalement de 
banques  d'EST, le nombre de gènes obtenus sous-estime le nombre réel de gènes présents dans les 
génomes, un séquençage génomique a été réalisé sur une plante ayant divergée précocement pour 
obtenir l’ensemble des gènes CIII Prx.  
        Le dosage de l'activité CIII Prx pour les plantes ayant divergées précocement ou celles plus 
tardivement, montre que les activités CIII Prx sont beaucoup plus faibles dans les plantes ayant divergées 
précocement. De plus, l'annotation montre que les plantes ayant divergées plus tardivement, possèdent 
plus de gènes de CIII Prxs que dans les autres plantes. D'après nombre de gènes détecté et les activités 
enzymatiques, il est facile de conclure qu'une corellation existe entre les deux. L'analyse de la structure 
des gènes CIII Prx montre des divergences au sein et entre les espèces. Par exemple, Spirogyra possède un 
gène CIII Prx avec une structure de 5 introns et des exons 6. Nous proposons également un nouveau 
modèle pour présenter les mécanismes du gain et de la  perte d’introns qui indique que la structure avec 
3 introns est bien conservée dans la lignée verte. En même temps, les introns rares  suivent un processus 
de gain et de perte. Dans les autres caractéristiques de l'évolution structurelle, une hypothèse 
d’augmentation du nombre de résidus cystéine est proposée. En résumé, notre recherche ouvre de 
nouvelles perspectives pour la compréhension de l'évolution des CIII Prxs et devrait fournir des gènes 
candidats pour des études fonctionnelles complémentaires. 
Mots clés: ROS, peroxydase, PeroxiBase, CIII peroxydase, la duplication de gènes, le gain de l'intron 
/ perte 
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General Introduction 
        To adapt to various biotic and abiotic stresses, plants have evolved very complex regulatory 
mechanisms which could consequently increase the cellular concentration of reactive oxygen 
species (ROS) such as such as superoxide anion (O2•−), hydroxyl radical (•OH), as well as 
nonradical molecules like hydrogen peroxide (H2O2), singlet oxygen (1O2), and so forth which are 
very toxic. The main ROS in plants is hydrogen peroxide (H2O2). They can lead to the oxidative 
damage of cells while they are participating in some positive biological processes such as cell 
cycle (Foreman et al. 2003), programmed cell death (PCD) (Overmyer et al. 2003), H2O2 signalling 
(Neill et al. 2002). The level of ROS in cells is determined by interplay between ROS producing 
pathways and ROS scavenging mechanisms, part of the ROS gene network of plants. During the 
evolution process of plants, efficient ROS-scavenging mechanisms have been developed which 
can tightly regulate the level of ROS. The ROS levels are perceived by different proteins, enzymes 
or receptors and modulate different developmental, metabolic and defense pathways part of a 
so called ROS gene network (Mittler et al. 2004).  
        Our team’s main research interests are peroxidases. Peroxidases (EC number 1.11.1.x) are 
universal enzymes capable to catalyze different redox reactions, thanks to various peroxides as 
electron acceptors. Due to this enzymatic activity and to their natural abundance, peroxidases 
have a high commercial value. They have a diverse variety of applications ranging from the paper 
industry to generating an alternative biofuel resource.  
        Several classes belong to the haem and non haem peroxidases such as ascorbate peroxidase 
(APx), ascorbate peroxidase related (APx-R), catalase (Kat), glutathione peroxidase (GPx), 
peroxiredoxin, alpha-dioxygenase (Diox) and Class III peroxidases (CIII Prxs). The peroxiredoxin is 
a small and highly conserved family containing 4 subfamilies: 1-Cysteine peroxiredoxin (1CysPrx), 
Typical 2-Cysteine peroxiredoxin (2CysPrx), Atypical 2-Cysteine peroxiredoxin type II (PrxII) and 
type Q (PrxQ)) (Koua et al. 2009). The plant Respiratory burst oxidase homologues (Rboh), also 
known as NADPH oxidases, are not members of peroxidase families but belong to the ROS gene 
network. CIII Prxs which are the interest of this thesis, are known to participate in many different 
processes in plants, from germination to senescence, such as auxin metabolism based on the ROS 
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2 
 
scavenging, cell wall elongation, stiffening due to the production of CIII prx and protection 
against pathogens based on the ROS scavenging. They are generally secreted into the cell wall or 
the surrounding medium and the vacuole (Matsui et al. 2003; Neuhaus et al. 1996; Welinder et al. 
2002). 
        Genes belonging to the ROS gene network are mainly members of multigenic families often 
subjected to gene gain or loss events (Kettler et al. 2007). Multigenic families are defined as 
groups of genes with sequence homology and related overlapping functions, whereas 
superfamilies are defined as a group of proteins or genes of common origin with non-overlapping 
functions. Genes belonging to multigenic family share a common ancestor gene, and therefore 
have similar sequences and functions. While gene duplication represents the core process of the 
creation of multigenic families, other events were found to influence the evolution of these 
families, such as pseudogene formation, gene loss and recombination (Eirín-López et al. 2012). 
Indeed, duplications play a major role in shaping the genome, and are probably fundamental for 
the creation of new genetic novelty in eukaryotes. If the genes are located within a 
rearrangement such as duplication or deletion, their numbers would vary between individuals, 
and consequently, their expression levels could also vary (Blekhman et al. 2009; Huminiecki and 
Wolfe 2004); hence this may lead to “neofunctionalisation” or “subfunctionalisation” 
phenomena. Thus, the study of the evolution of multigenic families is of great interest since it 
may help elucidate their possible role in the emergence of new species functionalities.  
        Eucalyptus are the worldwide hard-wood species which are more and more focused on due 
to their economic importance, fast growth rate, valuable wood properties and wide 
adaptabilities. There are over 700 species of Eucalyptus planted all over the world including E. 
camaldulensis, E. gunnii, E. grandis and E. globulus. For the high commercial value, Eucalyptus sp. 
are highly interesting for genetic research and trans-genetic improvement (Mullins et al. 1997). In 
the last 15 years, several studies have led to a better understanding of the Eucalyptus genome 
and the development of an important set of genetic/genomic tools, which can be used to 
enhance future breeding efforts. Along with the genomic sequencing projects (Myburg et al. 
2014) and the expansion of the EST libraries for some species such as E. camaldulensis, E. 
globulus, E. grandis and E. gunnii, the expert annotation and the comparative analysis have 
become possible.  
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        Gene annotation is the process of attaching biological information to the sequences. 
However, the annotation of genes belonging to multigenic families is a cumbersome task that, in 
addition to common biases present in gene prediction software, has an additional set of issues, 
such as tandem duplications and variable number of members between organisms. Furthermore, 
the accuracy of these annotations must be highly reliable because it will greatly affect all 
downstream analysis, such as phylogenic analysis where missing data can decrease the resolving 
power of nodes in a phylogenetic tree (Roure et al. 2013).  
        In chapter I of this thesis, the ROS, the plant peroxidases, the Eucalyptus and the next 
generation of genomic project are comprehensively stated based on bibliographic information.  
        In chapter II, we describe the risks and solutions for the annotation of multigenic families. In 
this chapter, we also mentioned the updated database specialized in peroxidases the PeroxiBase. 
In fact, the poor quality of annotation of this superfamily and the increasing number of its 
members led to the creation of this specialized databank (https://peroxibase.toulouse.inra.fr/), 
which helped collecting and annotating the huge quantity of data of this superfamily. Therefore, 
in 2004, the PeroxiBase started collecting all CIII peroxidases, and since, it expanded to other 
classes of peroxidases. Today, the PeroxiBase has become a reference in the field of peroxidases 
and gene families and contains more than 12000 sequences from 1340 organisms, spread across 
all 13 major groups and 60 classes. However, with the increasing number of new sequences, the 
PeroxiBase needs to keep evolving. Therefore, one of my tasks was to aid in the creation of a new 
updated version of the PeroxiBase. Hence, my involvement in this project was to develop new 
tools and solutions in order to maintain this database up-to-date with quality annotations. 
        Chapter III includes the duplication analysis of some multigenic families from E. grandis. In 
order to evaluate the capabilities of some organisms to adapt to environmental variations, eight 
multigenic families, involved in biotic and abiotic responses, have been analysed in E. grandis and 
compared with A. thaliana corresponding sequences. Two transcription factors’ families AP2/ERF 
and GRAS, two auxin transporters’ families PIN and AUX/LAX, two oxidoreductases’ families (APx 
and CIII Prx) and two families of protective molecules LEA and DNAj were annotated in expert 
and exhaustive manner and analysed. Many recent tandem duplications leading to the 
emergence of specific gene cluster species and the explosion of the gene number have been 
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observed for the AP2, GRAS, LEA PIN and CIII Prx in E. grandis. On the other hand, the APx, the 
AUX/LAX and DNAj are conserved between species. This work is the result of cooperation with 
other team. We are mainly responsible for peroxidase. It represents one of our strategies about 
the evolutionary analysis of peroxidases: deep analysis of CIII peroxidase family from one 
organism. 
        The second research strategy (more peroxidase family from close-related organisms) is 
reflected in chapter IV. The availabilities of high-throughput genomic sequencing projects and the 
large EST libraries for several Eucalyptus species, together with expert annotation allow cross-
species comparative analysis. Ten multigenic peroxidase gene families: 1CysPrx, 2CysPrx, APx, 
APx-R, CIII Prx, Diox, GPx, Kat, PrxII, PrxQ and the ROS producer gene family Rboh were 
annotated in an expert and exhaustive manner from the genomic data available from Eucalyptus 
camaldulensis, Eucalyptus globulus, Eucalyptus grandis and Eucalyptus gunnii. In addition, a 
specific sequencing strategy was performed in order to determine if the missed sequences in at 
least one organism are the results of gain/loss events or of only sequencing gaps. The 
comparative analysis was conducted in this study which shows the different features of 
conservation, expression and duplication of the 11 ROS gene families as well as the characters 
about family sizes, gene gain and loss, expression profiles and the divergence dates of the four 
Eucalyptus species. Overall, the comparative analysis should be a good criterion to evaluate the 
adaptation of different species with different characters. And it is also a good indicator to explore 
the evolutionary process.  
        The last research strategy is mentioned in Chapter V, which contains the comparison of CIII 
Prxs of a series of green plants. In order to explore the evolutionary process, I have compared of 
CIII Prxs from basal plants and later diverged. Along with the availability of genomic sequencing 
projects of some green lineages from basal to later diverged and the expansion of EST libraries, 
the expert annotation of peroxidase genes has become possible. Interestingly, the CIII Prx 
enzymatic activity assay of various plants shows that the activities of CIII Prx in basal plants are 
three orders of magnitude lower than CIII Prx in later diverged. The annotation shows that more 
CIII Prxs in later diverged then in basal plants with much fewer or no gene detected. In 
consideration that the data of some basal plants are collected from EST libraries which mean the 
gene numbers can not represent the actual numbers in the genomes, a genomic sequencing 
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become necessary. In addition, CIII Prx gene structure was analysed and divergence were 
observed within species and between species. For example, Spirogyra has one CIII Prx gene with 
the ancestral structure of 5 introns and 6 exons. We also propose a novel model for the intron 
gain and loss mechanisms which indicate that the IntC has gone through and is going on an 
intron-loss process while intron-gain process for IntR. About other features of the structural 
evolution, a hypothesis of Cystein residue number increase mechanism and sub-families cluster 
with special motifs are proposed. In sum my research raises novel insights into the evolution of 
CIII Prxs which should provide instruction or candidate genes for the further functional study. 
  
Chapter I 
 
 
 
 
 
 
 
Introduction 
  
CHAPTER    I                                                                                                                                                                 Introduction 
6 
 
Chapter I Introduction 
        In this chapter, we organize contents on reactive oxygen species (ROS), plant peroxidases, 
CIII peroxidases as well as next-generation genome projects based on literature information. It 
can serve as our background information on this research project. Indeed, to adapt to various 
biotic and abiotic stresses, plants have evolved very complex regulatory mechanisms which could 
consequently increase the cellular concentration of ROS. The concentration of ROS should be 
maintained at a low and steady level. The excessive ROS can lead to the damage of cells in some 
beneficial biological processes. So, peroxidase charged with the mission of maintaining the ROS 
at a lower concentration. In our study, we will always use technology such as the genome 
sequencing, data assembly, and gene annotation. That is why we reviewed the theory of them in 
this chapter. 
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I.1 Reactive Oxygen Species (ROS) 
I.1.1 General Introduction 
        Since its emergeance on earth, the oxygen molecule (O2) is usually considered as the final 
electron receptor during the biology respiration. Recently, studies have estimated that 1% of O2 
consumed by plants is diverted to produce reactive oxygen species (ROS) in various sub-cellular 
locations. ROS are chemically reactive molecules containing oxygen (Mittler et al. 2004). They are 
a group of free radicals, reactive molecules, and ions that are derived from O2. An unavoidable 
consequence of aerobic metabolism is production of reactive oxygen species (ROS). ROS include 
free radicals such as superoxide anion (O2•−), hydroxylradical (•OH), as well as nonradical 
molecules like hydrogen peroxide (H2O2), singlet oxygen (1O2), and so forth. Stepwise reduction 
of molecular oxygen (O2) by high-energy exposure or electron-transfer reactions leads to 
production of the highly reactive ROS. In plants, ROS are always formed by the inevitable leakage 
of electrons onto O2 from the electron transport activities of chloroplasts, mitochondria, and 
plasma membranes or as a byproduct of various metabolic pathways localized in different 
cellular compartments (Blokhina and Fagerstedt 2010; Heyno et al. 2011; Kingston-Smith et al. 
1997). The production of ROS in plants under normal growth conditions is low and the 
interactions of ROS-producing and the ROS-scavenging pathways maintain the concentration of 
ROS at a low and steady level.  
However, in response to various environmental stresses such as drought, salinity, chilling, metal 
toxicity, UV-B radiation, and pathogen attack, ROS are drastically increased in plants which break 
the normal balance. 
        Environmental stresses such as drought, salinity, chilling, metal toxicity, and UV-B radiation 
as well as pathogens attack lead to enhanced generation of ROS in plants due to disruption of 
cellular homeostasis (Mittler and Berkowitz 2001; Sharma et al. 2007).  
        All ROS are extremely harmful to organisms at high concentrations. The excessive ROS can 
lead to the oxidative damage to lipids, proteins, and DNA which can destroy some positive 
biological processes such as cell cycle, programmed cell death and so on. (Meriga et al. 2004; 
Mishra et al. 2011).  
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        Plants are subjected to a continually changing environment during the evolutionary process 
and have evolved very complex regulatory mechanisms to adapt to the environment. The 
concentration of ROS is controlled by the ROS-producing and the ROS-scavenging pathways 
(Figure 1). Different cellular signals will enhance production of ROS in cells (pathogen recognition, 
stress perception and so on) (Fig. 1). ROS are perceived by different ROS sensors and activate 
cellular responses. ROS can also affect the growth and development of plants.  
 
 
Fig. 1 Modulation of reactive oxygen species (ROS) signalling by the reactive oxygen gene network of 
plants. Different cellular signals (e.g. pathogen recognition or stress perception) result in the enhanced 
production of ROS in cells by the ROS-producing pathways of the network. ROS are perceived by different 
ROS sensors and activate cellular responses (e.g. pathogen or stress defense). The intensity, duration and 
localization of the ROS signals are determined by interplay between the ROS-producing and the ROS-
scavenging pathways. The ROS-scavenging pathways are also responsible for maintaining a low steady-
state level of ROS on which the different signals can be registered. Modulation of ROS levels might also 
involve a positive feedback loop between ROS perception and ROS production (dashed line). In addition to 
activating or suppressing different cellular responses, ROS perception can affect growth and development 
(inhibition during stress or regulation during normal growth).  
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I.1.2 Sites of Production 
        ROS are produced in both unstressed and stressed cells at several locations in chloroplasts, 
mitochondria, plasma membranes, peroxisomes, apoplast, endoplasmic reticulum, and cell walls 
(Table 1). ROS are always formed by the inevitable leakage of electrons onto O2 from the electron 
transport activities of chloroplasts, mitochondria, and plasma membranes or as a by-product of 
various metabolic pathways localized in different cellular compartments.  
 
Table 1 Sites of production of reactive oxygen species (ROS) in plants (Sharma et al. 2012).  
Organelles Cellular compartments 
Chloroplast 
 
 
Mitochondria 
 
 
Cell wall 
Plasma membrane 
Endoplasmic reticulum 
Peroxisome 
 
Apoplast 
PSI: electron transport chain Fd, 2Fe-2S, and 4Fe-4S clusters 
PSII: electron transport chain QA and QB 
Chlorophyll pigments 
Complex I: NADH dehydrogenase segment 
Complex II: reverse electron flow to complex I 
Complex III: ubiquinone-cytochrome region 
Cell-wall-associated peroxidase diamine oxidases 
Electron transporting oxidoreductases, NADPH oxidase, quinone oxidase 
NAD(P)H-dependent electron transport involving Cyt P450 
Matrix: xanthine oxidase (XOD) 
Membrane: electron transport chain flavoprotein NADH and Cyt b 
Cell-wall-associated oxalate oxidase  
Amine oxidases 
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I.1.3 Stressful Conditions for Overproduction of ROS 
        The production of ROS in plants under normal growth conditions is low. However, in 
response to various environmental stresses, ROS are drastically increased in plants disturbing the 
normal balance of ROS  in the intracellular environment (Sharma et al. 2010). The effects of 
various environmental stresses such as drought, salinity, chilling, metal toxicity, UV-B radiation, 
and pathogen attack on ROS production are discussed below. 
(1) Drought 
        Under drought stress, ROS production is enhanced in several ways. Inhibition of carbon 
dioxide (CO2) assimilation, coupled with the changes in photosystem activities and 
photosynthetic transport capacity under drought stress results in accelerated production of ROS 
via the chloroplast Mehler reaction (MR) (Asada 1999). Photosynthetic activity is inhibited in 
plant tissues due to an imbalance between light capture and its utilization under drought stress 
(Bartoli et al. 2000). Under drought stress, the photorespiratory pathway is also enhanced, 
especially, when RUBP oxygenation is maximal due to limitation in CO2 fixation (Noctor et al. 
2002). 
(2) Salinity 
        Salinity stress results in an excessive generation of ROS (Tanou et al. 2009). High salt 
concentrations lead to overproduction of the O2•−, •OH, H2O2, and 1O2 by impairment of the 
cellular electron transport within different subcellular compartments such as chloroplasts and 
mitochondria, as well as from induction of metabolic pathways such as photorespiration.  
(3) Chilling 
        Chilling stress is a key environmental factor limiting growth and productivity of crop plants. 
Chilling leads to the overproduction of ROS by exacerbating imbalance between light absorption 
and light use by inhibiting Calvin-Benson cycle activity (Logan et al. 2006), enhancing 
photosynthetic electron flux to O2 and causing overreduction of respiratory ETC.  
(4) Metal Toxicity 
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        The increasing levels of metals into the environment drastically affect plant growth and 
metabolism, ultimately, leading to losses in crop yields (Mishra et al. 2011). One of the 
consequences of the presence of the toxic metals within the plant tissues is the formation of ROS, 
which can be initiated directly or indirectly by the metals and, consequently, leading to oxidative 
damage to different cell constituents (Morganti et al. 2002; Oliveira-Brett et al. 2002). Various 
groups of workers have reported increased activities of antioxidant enzymes like GPx, SOD, APx, 
MDHAR, DHAR, and GR as well as non-enzymic antioxidants in metal-treated plants and 
suggested involvement of antioxidant defense system in the adaptive response to metal ions 
(Meriga et al. 2004; Poschenrieder et al. 2013).  
(5) UV-B Radiations 
        UV-B radiation of plants is now of major concern to plant biologists due to the threat to 
productivity in global agriculture. Enhanced UV-B significantly inhibits net photosynthetic rate. It 
has been shown that UV-B treatment results in decrease in the light saturated rate of CO2 
assimilation, accompanied by decreases in carboxylation velocity (Nogués and Baker 2000). 
Huang and coworkers (Huang et al. 2001) suggested that UV-B exposure generates activated 
oxygen species by increasing NADPH-oxidase activity.  
(6) Pathogens 
        One of the earliest cellular responses following successful pathogen recognition is oxidative 
burst involving production of ROS. Recognition of a variety of pathogens leads to generation of 
O2•−, or its dismutation product H2O2 in apoplast. Radwan and coworkers (Radwan et al. 2010) 
observed higher H2O2 and MDA concentrations in Vicia faba leaves infected with bean yellow 
mosaic virus than those of the corresponding controls. Enhanced activities of CIII Prx, Kat, APx, 
and SOD were observed in Vicia faba leaves infected with bean yellow mosaic virus indicating 
that the ROS scavenging systems can have an important role in managing ROS generated in 
response to pathogens (Radwan et al. 2010).  
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I.1.4 Oxidative Damage of ROS 
        Production and removal of ROS must be strictly controlled in order to avoid oxidative stress. 
When the level of ROS exceeds the defense mechanisms, a cell is said to be in a state of 
“oxidative stress”. However, the equilibrium between production and scavenging of ROS is 
perturbed under a number of stressful conditions such as salinity, drought, and high light, toxicity 
due to metals, pathogens, and so forth. Enhanced level of ROS can cause damage to 
biomolecules such as lipids, proteins and deoxyribonucleic acid (DNA) (Fig. 2). These reactions 
can alter intrinsic membrane properties like fluidity, ion transport, loss of enzyme activity, 
protein cross-linking, inhibition of protein synthesis, DNA damage, and so forth ultimately 
resulting in cell death.  
 
 
Fig. 2 High concentration of ROS induced oxidative damage to lipids, proteins, and DNA. These damages 
will generate co-lateral effects to the cells and the organisms. 
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I.1.5 Antioxidative Defense System in Plants 
        Plants possess complex antioxidative defense system comprising of non enzymatic and 
enzymatic components to scavenge ROS. In plant cells, specific ROS producing and scavenging 
systems are found in different organelles such as chloroplasts, mitochondria, and peroxisomes. 
ROS scavenging pathways from different cellular compartments are coordinated (Sunil et al. 
2013). Under normal conditions, potentially toxic oxygen metabolites are generated at a low 
level and there is an appropriate balance between ROS production and quenching. This balance 
may be perturbed by a number of adverse environmental factors, giving rise to rapid increases in 
intracellular ROS levels (Noctor et al. 2002; Sharma et al. 2010), which can induce oxidative 
damage to lipids, proteins, and nucleic acids. In order to avoid the oxidative damage, later 
diverged raise the level of endogenous antioxidant defense (Sharma et al. 2010). Various 
components of antioxidative defense system involved in ROS scavenging have been manipulated, 
overexpressed or downregulated to add to the present knowledge and understanding the role of 
the antioxidant systems. 
        Non enzymatic components of the antioxidative defense system include the major cellular 
redox buffers AsA and GSH as well as tocopherol, carotenoids, and phenolic compounds. They 
interact with numerous cellular components and in addition to crucial roles in defense and as 
enzyme cofactors, these antioxidants influence plant growth and development by modulating 
processes from mitosis and cell elongation to senescence and cell death (De Pinto 2004). 
Mutants with decreased non enzymatic antioxidant contents have been shown to be 
hypersensitive to stress (Semchuk et al. 2009).  
        The enzymatic components of the antioxidative defense system comprise of several 
antioxidant enzymes such as SOD, Kat, GPx,  CIII Prxs, enzymes of ascorbate glutathione (AsA-
GSH), APx, MDHAR, DHAR, and GR (Noctor and Foyer 1998). These enzymes operate in different 
subcellular compartments and respond in concert when cells are exposed to oxidative stress.  
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I.2 Hydrogen Peroxide and Peroxidases in Plants 
I.2.1 Hydrogen Peroxide (H2O2) 
        Along with the plant evolutionary process plants have evolved complex regulatory 
mechanisms in adapting to various environmental stressors, one of the consequences of much 
stress is an increase in the cellular concentration of reactive oxygen species (ROS), which is 
subsequently converted to hydrogen peroxide (H2O2). Figure 3 shows the transition between the 
oxygen molecule (O2), superoxide anion (O2-), hydrogen peroxide (H2O2) and hydroxyl radicals 
(.OH).  
 
 
Fig. 3 Transition between the some ROS. 
         
        During oxidative burst, O2 is reduced to O2-, and then the O2- undergoes spontaneous 
dismutation at a higher rate and at acidic pH, which is also found in the cell wall (Shoemaker et al. 
1991). O2- is also catalyzed by superoxide dismutase (SOD) enzymes, which occur in the cytosol, 
chloroplasts, and mitochondria (Scandalios 1993), O2 can also be reduced to H2O2 by protein 
kinase C (PKC), which exists in all organelle of plants (Juan et al. 2004). H2O2 reacts with Fe2+ 
leading to the H2O2-dependent formation of .OH (Zhang et al. 2013). 
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        As a kind of reactive oxygen species, hydrogen peroxide has been given much attention 
during the last decades. Ample evidence has proven that H2O2 plays an important role in plants 
under severe environmental conditions, which include various biotic and abiotic stresses (Slesak 
et al. 2007). H2O2 participates in many resistance mechanisms, including reinforcement of the 
plant cell wall, phytoalexin production, and enhancement of resistance to various stresses. 
Recently, H2O2 has also been shown to act as a key regulator in a broad range of physiological 
processes such as senescence (Peng et al. 2006), photorespiration and photosynthesis (Noctor 
and Foyer 1998), stomatal movement (Bright et al. 2006), cell cycle (Mittler et al. 2004), and 
growth and development (Foreman et al. 2003).  
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I.2.2 Peroxidases in Plants 
        The evolution of all aerobic organisms is dependent upon the development of efficient H2O2 
scavenging mechanism. Peroxidases (EC 1.11.1.x), member of the ROS gene network are enzymes 
able to typically catalyze reduction of H2O2 by taking electrons in order to various oxidize 
substrates such as lignin subunits, lipid membranes, and some amino acid side chains (Lazzarotto 
et al. 2011; Passardi et al. 2004b). These enzymes are present in all kingdoms and play very 
important roles in plants from germination to senescence such as defense mechanisms, immune 
responses and pathogeny (Passardi et al. 2004b). They can be divided into heme and non-heme 
peroxidases due to the presence of a protoporphyrin IX and Fe (III). In plants, 7 multigenic 
families of peroxidases are part of the ROS gene network (Fig. 4): ascorbate peroxidase (APx), 
ascorbate peroxidase related (APx-R), catalase (Kat), glutathione peroxidase (GPx), peroxiredoxin, 
alpha-dioxygenase (Diox) and Class III peroxidases (CIII Prx). The peroxiredoxin is a small and 
highly conserved family containing 4 subfamilies: 1-Cysteine peroxiredoxin (1CysPrx), Typical 2-
Cysteine peroxiredoxin (2CysPrx), Atypical 2-Cysteine peroxiredoxin type II (PrxII) and type Q 
(PrxQ)) (Koua et al. 2009). The plant respiratory burst oxidase homologues (Rboh), also known as 
NADPH oxidases, are not members of peroxidase families but belong to the ROS gene network. 
These proteins are detected in all kingdoms and are responsible for the superoxide generation 
thanks to their functional oxidase domain (Suzuki et al. 2011). The hydrogen peroxide related 
peroxidases are the main interests of our team.  
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Fig. 4 The hydrogen peroxide related ROS network in plants. 
 
(1) CIII peroxidase 
        CIII peroxidases belonging to the secreted plant peroxidases (EC 1.11.1.7) are found only in 
plants, where they form large multigenic families. Although their primary sequence differs in 
some points from the classes I and II, their three-dimensional structures are very similar to those 
of class II, and they also possess calcium ions, disulfide bonds, and an N-terminal signal for 
secretion. CIII Prx participates in many different processes in plants from germination to 
senescence, such as auxin metabolism, cell wall elongation, stiffening and protection against 
pathogens (Hiraga et al. 2001b; Passardi et al. 2004b).  
(2) Ascorbate Peroxidase 
        Ascorbate peroxidases (EC 1.11.1.11) are enzymes that peroxides such as hydrogen peroxide 
using ascorbate as a substrate. The reaction they catalyse is the transfer of electrons from 
ascorbate to peroxide, producing dehydroascorbate and water as products (Pandey et al. 2014; 
Raven 2000). APx belong to the Class I peroxidases and are detected in all chloroplast containing 
organisms. APx play a key role in the elimination of toxic amounts of intracellular H2O2 (Mano 
and Asada 1999). The APx family forms a small multigenic family, subjected to punctual and 
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recent duplication events in some species. Their sequences as well as their gene structures are 
well conserved within divergent organisms. 
(3) Ascorbate Peroxidase Related 
        Ascorbate peroxidase-related (APx-R) is a newly categorized heme-containing protein 
functionally associated with APx but evolutionarily divergent (Lazzarotto et al. 2011) from every 
APx family. The APx-R protein is structurally related to the APxs, although the active site contains 
many conserved substitutions. Unlike all other plant peroxidases, which are encoded by gene 
families, APx-R is encoded by a single-copy gene in virtually all the species analyzed. APx-R-
knockdown rice (Oryza sativa) plants presented delayed development and a disturbed steady 
state of the antioxidant system compared with wild type (Lazzarotto et al. 2011). Moreover, the 
accumulation of APx-R transcripts was modulated by drought, UV irradiation, cold, and aluminum 
exposure in rice, suggesting the involvement of APx-R in the environmental stress response. 
(4) Glutathione Peroxidase 
        Glutathione peroxidase (EC 1.11.1.9) is the general name of an enzyme family with 
peroxidase activity whose main biological role is to protect the organism from oxidative damage. 
The biochemical function of glutathione peroxidase is to reduce lipid hydroperoxides to their 
corresponding alcohols and to reduce free hydrogen peroxide to water (Passaia et al. 2014).  
(5) Catalase 
        Catalase (EC 1.11.1.6) is a common enzyme found in nearly all living organisms exposed to 
oxygen (such as vegetables, fruit or animals). It catalyzes the decomposition of hydrogen 
peroxide to water and oxygen (Chelikani et al. 2004). It is a very important enzyme in protecting 
the cell from oxidative damage by reactive oxygen species. Likewise, catalase has one of the 
highest turnover numbers of all enzymes; one catalase molecule can convert millions of 
molecules of hydrogen peroxide to water and oxygen each second (Ahn et al. 2006).  
(6) Peroxiredoxin Superfamily 
        Peroxiredoxins (EC 1.11.1.15) contain 4 sub-families: Typical 2-Cys Prxs (2CysPrx), 1-Cys Prxs 
(1CysPrx), and atypical 2-Cysteine peroxiredoxin (type II) (PrxII) and atypical 2-Cysteine 
peroxiredoxin (type Q) (PrxQ). These enzymes share the same basic catalytic mechanism, in 
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which a redox-active cysteine (the peroxidatic cysteine) in the active site is oxidized to a sulfenic 
acid by the peroxide substrate (Claiborne et al. 1999).  
(7) Alpha-dioxygenase 
        Alpha-dioxygenases (EC 1.13.11.43) constitute a family of fatty acid-metabolizing enzymes 
discovered in plants (Meisner et al. 2009). They catalyze the enantioselective 2-
hydroperoxidation of long-chain fatty acids, the initial step of the α-oxidation pathway of fatty 
acids in plants. Expression of α-DiOX genes in plants has been shown to be induced in response 
to abiotic and biotic stress, including bacterial infection (Zhu et al. 2013), cellular signals 
mediating cell death (Ponce De León et al. 2012), herbivore attack (Hermsmeier et al. 2001), 
high-salinity stress, wounding (Tirajoh et al. 2005) and heavy metal stress (Koeduka et al. 2005).  
(8) Respiratory Burst Oxidase Homolog 
        Plant respiratory burst oxidase homologs are homologs of the human neutrophil pathogen-
related gp91phox. Rboh functions as the producer of ROS when the plant percept the stresses 
coming from the environment. Rapid generation of ROS is considered to be an important 
component of the resistance response of plants to pathogen challenge. Antisense technology 
was employed to ascertain the biological function of Lycopersicon esculentum (tomato) Rboh. 
Lines with diminished Rboh activity showed a reduced level of reactive oxygen species in the leaf, 
implying a role for Rboh in establishing the cellular redox milieu (Sagi et al. 2004). Rboh in plants 
form a small multigenic family.  
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I.2.3 Class III Peroxidases 
Class III peroxidases are involved in two cycles 
         The main object of this study is Class III peroxidases which can be detected from all the land 
plants and some green algae. They are members of a large multigenic family. They belong to 
large multigenic families (73 members in A. thaliana, 181 in Eucalyptus grandis, 138 in Oryza 
sativa and 143 in Brachypodium distachyon) (Fawal et al. 2013). The expansion of CIII Prx gene 
families (large number of genes) and gene duplication events (gene clusters specific to each 
species) appears to be interesting. Probably due to this high number of isoformsplant 
peroxidases are involved in a broad range of physiological processes all along the plant life cycle. 
Although there is no evidence to date, relationships between land plant emergence and plant cell 
wall evolution may exist (Passardi et al. 2004a). Due to two possible catalytic cycles, peroxidative 
and hydroxylic, peroxidases can generate ROS, polymerise cell wall compounds, and regulate 
H2O2 levels. By modulating their activity and expression following internal and external stimuli, 
peroxidases are prevalent at every stage of plant growth, including the demands that the plant 
meets in stressful conditions. These multifunctional enzymes can build a rigid wall or produce 
ROS to make it more flexible; they can prevent biological and chemical attacks by raising physical 
barriers or by counterattacking with a large production of ROS; they can be involved in a more 
peaceful symbiosis (Passardi et al. 2005). From the appearance of the first class III peroxidase, 
probably around the emergence of the terrestrial plants 450 MY ago, to the most evolved plants, 
the number of gene copies has largely increased. This increase seems to be correlated with the 
evolution of the plant architecture and complexity, as well as with the diversity of the biotopes 
and the pathogens. The functions of CIII peroxidases will be described below. CIII peroxidases 
involved in two pathways: peroxidative cycle and hydroxylic cycle (Fig. 5).  
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Fig. 5 Class III plant peroxidase cycles (Passardi et al. 2005). Two cycles were included in CIII peroxidases: 
peroxidative cycle (the black cycle) and the hydroxylic cycle (the gray cycle).  
 
The CIII peroxidases play many different roles 
        According to their cycles, Class III peroxidases are known to participate in many different 
processes in land plants, from germination to senescence, such as the ROS production and 
scavenging, cell wall construction, elongation, stiffening due to the production and secretion of 
CIII peroxidases and protection against pathogens based on the ROS scavenging. These functions 
are based on the in vitro catalytic properties, expression profiles, localization and characteristics 
of transgenic plant over or under-expressing a certain CIII gene. However the precise role in vivo 
of a single peroxidase has however not been found yet, mainly because of the wide range of 
peroxidase substrates and of the probable functional redundancy of some of these proteins.  (Fig. 
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6). The complex roles of CIII Prxs could be explained both by the diversity of their substrates and 
their spatio-temporal regulation of expression. Thus, their functional analysis remains challenging.  
 
 
Fig. 6 The putative multiple functions of the class III peroxidases based on their two cycles (Passardi et 
al. 2005).   
 
The functions of CIII peroxidases are related to the landing and diversity processes 
        The functions of CIII peroxidases seem related to the evolution of plants which has resulted 
in increasing levels of complexity, from the earliest green alga, through Liverworts, mosses, ferns, 
to the complex gymnosperms and angiosperms of today. The land plants appeared at about 450 
MYA (Fig. 7) adapted from Passardi’s rewiew of CIII peroxidases functions (Passardi et al. 2004a).  
        The study of plant evolution attempts to explain how the present diversity of plants arose. In 
other word it is aimed to explore what happened between the earliest diverged and the latest 
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diverged plants. An important event during the long evolution process of plants is the landing of 
plants, which requires lots of new features to adapt to the environments with higher level of 
oxygen, with strong gravity and plant transpiration. And the plant diversity process is also an 
important event during which different organs, tissues appeared. In the landing and diversity 
process of plants, the environments on the land will provide a higher positive natural selection to 
some gene families. In other word, the genes related to the landing and diversity processes could 
have been through huge evolution. Consider of the functions of CIII peroxidases, the ROS control 
allows plants to adapt to the aerobic environment. The Cell wall construction, elongation and 
stiffening will make plants adaptive to the gravity environments on the land. And also make it 
possible to develop into multicellular plants with different tissues and organs. 
 
 
Fig. 7 The Process of Plant Evolution from green alga through Liverworts, Mosses, Ferns, Gymnosperms 
to the complex Angiosperm.  
 
        Regarding to these functions of CIII peroxidases which seem to be related to the plant 
landing and plant diversity one hypothesis was drown that: in the evolutionary process, the CIII 
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genes were important in the plant landing process and had great evolution under the huge 
natural selection pressure. The gene numbers, the enzyme activities, the protein and gene 
structures could give us some evidences for the hypothesis.  
CIII peroxidases are tightly associated to cell wall loosening and stiffening 
          Based on in silico prediction and experimental evidence, they are mainly considered as cell 
wall enzymes. Thanks to their hydroxylic and peroxidative cycles, they can produce ROS and 
oxidize cell wall aromatic compounds within proteins and phenolics that are either free or linked 
to polysaccharides. Thus, they are tightly associated to cell wall loosening and stiffening (Francoz 
et al. 2014). During plant growth, cell expansion is related to the Cell Wall elongation including 
cell wall loosening and cell wall stiffening (Fig. 8).  
 
 
Fig. 8 The activities of the cell wall peroxidases (Francoz et al. 2014).  CIII peroxidases involved in the two 
processes of cell wall elongation: cell wall lossening (left) and the cell wall stiffening (right).  
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I.3 Next Generation of Sequencing, Assembly and Annotation 
I.3.1 Next Generation Sequencing 
        For bioinformatics and evolutionary analysis, mass sequencing data are necessary. Currently 
due to the higher throughput, Lower cost, Shorter time-consuming of the next generation 
sequencing, more and more genomes, Transcriptomes and ESTs have been sequenced. Till March 
of 2014, a half of 40000 genome projects have completed. In the past decade, the use of nucleic 
acid sequencing has increased exponentially as the ability to sequence has become accessible to 
research and clinical labs all over the world (Grada and Weinbrecht 2013).  
(1) Advantages and Applications 
 NGS provides a much cheaper and higher-throughput alternative to sequencing DNA than 
traditional Sanger sequencing.  
 High-throughput sequencing of the human genome facilitates the discovery of genes and 
regulatory elements associated with disease. 
 Targeted sequencing allows you to focus your research on particular regions of the 
genome. 
 (2) Limitations 
 NGS, although much less costly in time and money in comparison to first-generation 
sequencing, is still too expensive for many labs.  
 The homopolymer regions on certain NGS platforms are always sequenced inaccurately, 
and short-sequencing read lengths (on average 100-500 nucleotides) can lead to 
sequence errors.  
 Data analysis can be time-consuming and may require special knowledge of 
bioinformatics to garner accurate information from sequence data.  
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I.3.2 Steps of Next Generation Sequencing Project 
        Next Generation Sequencing Project, whatever its size, can generally be divided into stages: 
experiment design, sample collection, sample preparation and sequencing, raw data collection 
and pre-processing, assembly and post-assembly analysis (Fig. 9).  
 
 
Fig. 9 Pipeline of a sequencing project.  
 
(1) Experiment Design 
        Biological, experimental, technical and computational issues have to be considered: 
 Biological issues: What is known about the genome? Its size? How frequent, how long and 
how conserved are repeat copies?  
 Experimental issues: What sample material is available? Is it possible to extract a lot of 
DNA?  
 Technical issues: What sequencing technologies to use? How much does each cost? How 
long does each take? How long are the reads? What coverage depth you will need?  
 Computational issues: What software to run? How much memory do they require? 
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(2) Sample Collection 
        The need for robust methods that produce a representative, non-biased source of nucleic 
acid material from the genome under investigation cannot be overemphasized. The template 
should be at the correct concentration free of contaminants and dissolved in distilled water and 
be not degraded.  
(3) Sample Preparation and Sequencing 
        Current methods generally involve randomly breaking genomic DNA into smaller sizes from 
which either fragment templates or mate-pair templates are created. The immobilization of 
spatially separated template sites allows thousands to billions of sequencing reactions to be 
performed simultaneously (Metzker 2010).  
(4) Raw Data Collection and Pre-processing 
        Once you have the reads for a particular sample it is important to use high quality data that 
is also free of sequence that was not an artefact of your protocols. Low quality data and 
sequencing artefacts can break de novo assemblies or cause false variations to appear in 
mapping assemblies. Data pre-processing consists in filtering the data to remove errors, thus 
facilitating the work of the assembler.  
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I.3.3 Next Generation Sequencing Technologies  
        Next-generation sequencing (NGS) is the catch-all term used to describe a number of 
different modern sequencing technologies including: 
 Illumina (Solexa) sequencing 
 Roche 454 sequencing 
 Ion torrent: Proton / PGM sequencing 
 SOLiD sequencing 
Illumina sequencing  
        In NGS, vast numbers of short reads are sequenced in a single stroke. To do this, firstly the 
input sample must be cleaved into short sections. The length of these sections will depend on the 
particular sequencing machinery used. In Illumina sequencing, 100-150bp reads are used. 
Somewhat longer fragments are ligated to generic adaptors and annealed to a slide using the 
adaptors. PCR is carried out to amplify each read, creating a spot with many copies of the same 
read. The principle is displayed in Fig. 10. (www.ebi.ac.uk/) 
 
Fig. 10 The principle of Illumina sequencing (www.ebi.ac.uk/).  
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454 sequencing 
        Roche 454 sequencing can sequence much longer reads than Illumina by sequencing 
multiple reads at once by reading optical signals as bases are added. As in Illumina, the DNA or 
RNA is fragmented into shorter reads, in this case up to 1kb. Generic adaptors are added to the 
ends and these are annealed to beads, one DNA fragment per bead. In the sequencing process 
the fragments are then amplified by PCR using adaptor-specifc primers (Fig. 11).  
 
 
Fig. 11 The principle of Illumina sequencing (www.ebi.ac.uk/).  
 
Ion Torrent: Proton / PGM sequencing 
        Ion torrent and Ion proton sequencing exploit the fact that addition of a dNTP to a DNA 
polymer releases an H+ ion. As in other kinds of NGS, the input DNA is fragmented by ~200bp. 
Adaptors added and one molecule is placed onto a bead. The molecules are amplified on the 
bead by emulsion PCR. Each bead is placed into a single well of a slide. 
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Fig. 12 The principle of Ion Torrent sequencing (www.ebi.ac.uk/).  
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I.3.4 NGS in Practice 
Whole-exome sequencing 
         With NGS, clinicians are provided a fast, affordable, and thorough way to determine the 
genetic cause of a disease. Although high-throughput sequencing of the entire human genome is 
possible, researchers and clinicians are typically interested in only the protein-coding regions of 
the genome, referred to as the exome. The exome comprises just over 1% of the genome and is 
therefore much more cost-effective to sequence than the entire genome, while providing 
sequence information for protein-coding regions (Grada et al. 2013). Exome sequencing has been 
used extensively in the past several years in gene discovery research for example some studies 
have detected in the identification of genes relevant to inherited skin disease (Lai-Cheong and 
McGrath 2011).  
Targeted sequencing 
        Targeted sequencing is more affordable, yields much higher coverage of genomic regions of 
interest, and reduces sequencing cost and time (Xuan et al. 2013). Researchers have developed 
sequencing panels which target hundreds of genomic regions that are hotspots for disease-
causing mutations. Targeted sequencing can be developed by researchers to include specific 
genomic regions of interest (Duzkale et al. 2013). The results of disease-targeted sequencing can 
aid in therapeutic decision making in many diseases, including many cancers for which the 
treatments can be cancer-type specific (Duzkale et al. 2013). 
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I.3.5 Assembly 
        The raw data from sequencing projects can’t be used directly. In bioinformatics, sequence 
assembly is defined to process of aligning and merging fragments of a much longer DNA 
sequence in order to reconstruct the original sequence. In other words assembly is the process of 
taking a large number of short DNA sequences to create a long DNA sequence. This is needed as 
DNA sequencing technology cannot read whole genomes in one go, but rather reads small pieces 
of between 20 and 30000 bases, depending on the technology used. Typically the short 
fragments, called reads, result from shotgun sequencing genomic DNA, or gene transcript (ESTs). 
The raw data of the sequencing projects should be assembled.  
        (1) Methods of Assembly 
        There are two methods for the assembly: de-novo assembly and mapping assembly. 
 Reference Alignment (Mapping) 
        Reference alignment is aimed to assembly reads against an existing backbone sequence 
(template sequence), building a sequence that is similar but not necessarily identical to the 
backbone sequence (Fig. 13). Of course, mapping requires a good reference DNA. If the reference 
contains lots of errors, the assembly will not be good enough. 
 De novo assembly 
        Assembling short reads to create full-length (sometimes novel) sequences without the aid of 
a reference genome (Fig. 13). In terms of complexity and time requirements, de novo assemblies 
are orders of magnitude slower and more memory intensive than mapping assemblies. 
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Fig. 13 Principles of mapping and de novo assembly. Sample sequences show how an assembler would 
take fragments and match by overlaps.  
 
(2) Steps of a Genome Assembly Project 
        Many de novo genome assembly projects have recently been conducted using high-
throughput sequencers. The genome assembly is processed from reads to chromosomes (Fig. 14), 
thanks to contigs and scaffolds construction.  
 
 
Fig. 14 Whole genome assembly. In whole-genome assembly, the reads (red line segments) from the 
short-read sequencer are combined to produce a consensus sequence as the contig (green line). The 
contigs are connected into scaffolds by pairing end sequences, which are also called mates. Next, the  
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I.3.6 Annotation 
        Gene annotation is the process of identifying the locations of genes and all of the coding 
regions in a genome and determining what those genes do. An annotation is a note added by 
way of explanation or commentary. And in other words, it is the process of attaching biological 
information to sequences (Stein 2001). It is like a bridge between the “A, T, C and G” and biology. 
The value of the genome sequence is only as good as its annotation. So once a genome is 
sequenced, it needs to be annotated to make sense of it. It consists of two types of annotations:  
 Structural Annotation consists of the identification of genomic elements, including ORFs 
and their localization, gene structure, coding regions and the location of regulatory 
motifs.  
 Functional annotation consists of attaching biological information to genomic elements 
including biochemical function, biological function, involved regulation and expression.  
        We have developed our own pipeline for the data annotation (Fig. 15). In our pipeline, the 
genome and proteome were collected from public databases such as NCBI, PHYTOZOME. The 
initial proteome was scanned with an existing protein set. In the obtained proteins there are 
always errors such as frame-shift, in frame stop codon. These errors were curated based on 
multiple alignments, Protein length, Protein domains. The initial genome can also be scanned 
with the existing protein set by Scipio to collect the protein and DNA sequences. All the 
sequences need also to be curated. In this pipeline Program Scipio is often used. Scipio is an 
important and useful program for the annotation (Fig. 16). It is a tool based on the alignment to 
determine the precise gene structure with protein sequences as the query and a genome as the 
subject (Keller et al. 2008). Scipio will copy the sequence errors and detect the intron-exon 
borders, the DNA, CDS sequences, locations on the genome or scaffold and the orthologs not 
predicted.  
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Fig. 15 the pipeline optimized for peroxidase annotation. Overall the whole pipeline can be divided into 
two types of annotation: automatic annotation including steps 1 and 2 (red), manual annotation including 
steps 3 to 6 (blue).  
         
 
Fig. 16 Principle of Scipio program for the structural annotation.  
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I.3.7 Genomic sequencing projects 
        Currently due to the higher throughput, lower cost, shorter time-consuming of the next 
generation sequencing, more and more genomes have been sequenced. Till August, 2014, a half 
of 40000 genome projects have completed. These data provided the data sources of gene 
annotation and analysis. Most of the data can be accessed on public databases, for example 
Phytozome, Kazusa, NCBI. There are more than 80 plant genomes have been sequenced (Table 2). 
In Phytozome, there are more and more genomic sequencing available of plants from later 
diverged to basal plants (Fig. 17). These genomic data allow comparative genomic analysis and 
the evolutionary analysis.  
 
 
Fig. 17 Completed genomic sequencing projects available in Phytozome (http://www.phytozome.net/).  
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Table 2. Sequenced plant genome.  
Organism Clade Genome size Number 
of genes 
predicted 
Year of completion 
Cyanophora paradoxa Glaucophyte   2012 (Price DC, 2012) 
Bathycoccus prasinos BBAN7 Green algae 15 Mb  2012 (Moreau et al. 2012) 
Chlamydomonas reinhardtii CC-503 
cw92 mt+ 
Green algae 111 Mb 17,737 2007 (Merchant et al. 2007) 
Chlorella variabilis NC64A Green algae   2010 (Blanc et al. 2010) 
Micromonas pusilla CCMP1545 Green algae   2009 (Worden et al. 2009) 
Ostreococcus lucimarinus CCE9901 Green algae 13.2 Mb 7,796 2007 (Palenik et al. 2007) 
Volvox carteri Green algae 131.2 Mb 14,971 2010 (Prochnik et al. 2010) 
Physcomitrella patens ssp. patens 
str. Gransden 2004 
Bryophytes   2008 (Rensing et al. 2008) 
Amborella trichopoda Amborellaceae   2013 (Project 2013) 
Nelumbo nucifera Nelumbonaceae   2013 (Ming et al. 2013) 
Beta vulgaris (sugar beet) Chenopodiaceae 714–758 Mbp 27,421 2013 (Dohm, 2013) 
Arabidopsis lyrata Brassicaceae   2011 (Hu et al. 2011) 
Arabidopsis thaliana 
Ecotype:Columbia 
Brassicaceae 135 Mbp  2000 (The Arabidopsis 
Genome Initiative, 2000) 
Azadirachta indica (neem) Meliaceae 364 Mbp ~20000 2012 (Motamayor, 2012) 
Betula nana (dwarf birch) Betulaceae 450 Mbp  2013 (Wang et al. 2013) 
Brassica rapa (Chinese cabbage) Brassicaceae   2011 (Wang et al. 2011) 
Cajanus cajan (Pigeon pea) var. 
Asha 
Fabaceae   2012 (Varshney et al. 2012) 
Cannabis sativa (hemp) Cannabaceae 820Mbp 30,074 2011 (van Bakel et al. 2011) 
Capsella rubella Brassicaceae 130Mbp 26,521 2013 (Slotte et al. 2013) 
Carica papaya (papaya) Caricaceae 372Mbp 28629 2008 (Ming et al. 2008) 
Cicer arietinum (chickpea) Fabaceae   2013 (Varshney et al. 2013) 
Cicer arietinum L. (chickpea) Fabaceae   2013 (Jain et al. 2013) 
Citrullus lanatus (watermelon) Cucurbitaceae 425Mbp 23,440 2012 (Guo, 2012) 
Citrus clementina (Clementine) Rutaceae   2013 (phytozome) 
Citrus sinensis (Sweet orange) Rutaceae   2013 (Xu et al. 2013) 
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Cucumis melo (Muskmelon) DHL92 Cucurbitaceae 450Mbp 27,427 2012 (Garcia-Mas et al. 2012) 
Cucumis sativus (cucumber)  Cucurbitaceae 350 Mbp 26,682 2009 (Huang et al. 2009) 
Eucalyptus grandis (Rose gum) Myrtaceae   2011 (Grattapaglia et al. 2011) 
Eutrema parvulum Brassicaceae   2013 (Haudry et al. 2013) 
Eutrema salsugineum Brassicaceae 240Mbp 26,351 2013 (Yang et al. 2013) 
Fragaria vesca (wild strawberry) Rosaceae 240Mbp 34,809 2011 (Shulaev et al. 2011) 
Glycine max (soybean) var. Williams 
82 
Fabaceae 1115Mbp 46,430 2010 (Schmutz, 2010) 
Gossypium raimondii Malvaceae   2013 (phytozome) 
Hevea brasiliensis (rubber tree) Euphorbiaceae   2013 (Rahman et al. 2013) 
Jatropha curcas Palawan Euphorbiaceae   2011 (Sato et al. 2011) 
Leavenworthia alabamica Brassicaceae   2013 (Haudry et al. 2013) 
Lotus japonicus (Bird's-foot Trefoil) Fabaceae   2008 (Sato et al. 2008) 
Malus domestica (apple) "Golden 
Delicious" 
Rosaceae ~742.3Mbp 57,386 2010 (Velasco et al. 2010) 
Manihot esculenta (Cassava) Euphorbiaceae ~760Mb 30,666 2012 (Prochnik, 2012) 
Medicago truncatula (Barrel Medic) Fabaceae   2013 (Rahman et al. 2013) 
Phaseolus vulgaris (common bean) Fabaceae 520Mbp 31,638 2013 (phytozome) 
Populus trichocarpa (poplar) Salicaceae 510 Mbp  73,013 2006 (Tuskan et al. 2006) 
Prunus mume (Chinese plum or 
Japanese apricot) 
Rosaceae   2012 (Zhang et al. 2012) 
Prunus persica (peach) Rosaceae 265Mbp 27,852 2013 (Verde et al. 2013) 
Pyrus bretschneideri (ya pear or 
Chinese white pear) cv. 
Dangshansuli 
Rosaceae   2013 (Wu et al. 2013) 
Ricinus communis (Castor bean) Euphorbiaceae 320Mbp 31,237 2010 (Chan et al. 2010) 
Sisymbrium irio Brassicaceae   2013 (Haudry et al. 2013) 
Thellungiella parvula Brassicaceae   2011 (Dassanayake et al. 
2011) 
Theobroma cacao (cocoa tree) Malvaceae   2010 (Pennisi 2010) 
Vitis vinifera (grape) genotype 
PN40024 
Vitaceae   2007 (Jaillon et al. 2007) 
Mimulus guttatus Scrophulariaceae 430Mbp 26,718 2013 (phytozome) 
Solanum lycopersicum (tomato) cv. 
Heinz 1706 
Solanaceae 900Mbp 34,727 2012 (Consortium 2012) 
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Solanum tuberosum (potato) Solanaceae 844 Mbp 39,031 2011 (Xu, et al. 2011) 
Nicotiana benthamiana Solanaceae 3Gbp  2012 (Bombarely et al. 2012) 
Nicotiana sylvestris (Tobacco plant) Solanaceae 2.636Gbp  2013 (Sierro et al. 2013) 
Nicotiana tomentosiformis Solanaceae 2.682 Gb  2013 (Sierro et al. 2013) 
Capsicum annuum (Pepper) Solanaceae ~3.48 Gbp 34,903 2014 (Qin et al. 2014) 
Capsicum annuum var. 
glabriusculum (Chiltepin) 
Solanaceae ~3.48 Gbp 34,476 2014 (Qin et al. 2014) 
Setaria italica (Foxtail millet) Poaceae   2012 (Bennetzen et al. 2012) 
Aegilops tauschii (Tausch's 
goatgrass) 
Poaceae 4.36Gb  2013 (Jia et al. 2013a) 
Brachypodium distachyon (purple 
false brome) 
Poaceae   2010 (Initiative 2010) 
Hordeum vulgare (barley) Poaceae   2012 (Mayer et al. 2012) 
Oryza brachyantha (wild rice) Poaceae   2013 (Chen et al. 2013) 
Oryza sativa (short grain rice) ssp 
indica 
Poaceae   2002 (Yu et al. 2002) 
Panicum virgatum (switchgrass) Poaceae   2013 (phytozome) 
Phyllostachys edulis (moso 
bamboo) 
Poaceae   2013 (Peng et al. 2013) 
Sorghum bicolor genotype BTx623 Poaceae 730Mbp 34,496 2009 (Paterson et al. 2009) 
Triticum aestivum (bread wheat) Poaceae   2012 (Brenchley et al. 2012) 
Triticum urartu Poaceae 4.94Gb  2013 (Ling et al. 2013) 
Zea mays ssp mays B73 Poaceae 2,300Mbp 39656 2009 (Schnable et al. 2009) 
Musa acuminata (Banana) Musaceae 523 Mbp 36,542 2012 (D'Hont et al. 2012) 
Musa balbisiana (Wild banana) Musaceae 438 Mbp 36,638 2013 (Davey et al. 2013) 
Phoenix dactylifera (Date palm) Arecaceae 658 Mbp 28,800 2011 (Al-Dous et al. 2011) 
Elaeis guineensis (African oil palm) Arecaceae ~1800 Mbp 34,800 2013 (Singh et al. 2013) 
Spirodela polyrhiza (Greater 
duckweed) 
Araceae 158 Mbp 19,623 2014 (Wang et al. 2014) 
This list of sequenced plant genomes contains plant species known to have publicly available complete genome 
sequences that have been assembled, annotated and published. Unassembled genomes are not included, nor are 
organelle only sequences. 
 Chapter II 
 
 
 
 
 
 
 
Annotation of Multigenic Family and the New 
PeroxiBase 
  
CHAPTER    II                                                                     Annotation of Multigenic Family and the New PeroxiBase 
40 
 
 
Chapter II Annotation of Multigenic Family and the New 
PeroxiBase 
II.1 Automatic Multigenic Family Annotation: Risks and Solutions 
        In this chapter, we describe the current available automatic annotation procedures with a 
focus on those designed for multigenic families. A high quality of annotation is mandatory to 
prevent mis-interpretation and erroneous conclusions. However, the automatic genome 
annotation of multigenic families is particularly challenging since a good portion of the 
corresponding genes is the result of recent genome and gene duplications. An overview of the 
current methods used for automatic annotation, the biases and errors that may occur in these 
annotations and the available solutions are described in detail in this review article “Automatic 
multigenic family annotation: risks and solutions”.  
Review: Automatic Multigenic Family Annotation: Risks and Solutions 
 
Appendix:  
A-1 Definitions of correct, incorrect and missed annotation of Phytozome 
A-2 Sources of automatic annotation errors 
A-3 Actual versus automatic predictions 
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II.2 The new PeroxiBase 
        The PeroxiBase is a central database dedicated to peroxidase families 
(http://peroxibase.toulouse.inra.fr). The PeroxiBase exists since 2006, but it need to be upgraded 
in order to keep it performing with the increasing number of available sequences, to evolve and 
become more than just a database. In article “PeroxiBase: a database for large-scale 
evolutionary analysis of peroxidases” describes the updates made to this databank and the 
newly added functionalities and tools.  
Research Article: PeroxiBase: a Database for Large-scale Evolutionary 
Analysis of Peroxidases 
 
Appendix:  
A-4 New interface of PeroxiBase 
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Chapter III Explosive Tandem and Segmental 
Duplications of Multigenic Families in Eucalyptus grandis 
        Gene duplication has been a focus of molecular evolution for decades for its influences on 
the evolutionary rates of genes. Some gene families were undergoing intensive expansions while 
others were submitted to a strong selection pressure to maintain them as unique genes, with a 
very low divergence rate, across different plant genomes. Gene duplication plays an important 
role in the adaptation process, as well as the sequence divergence between orthologous genes.  
        In paper “Explosive tandem and segmental duplications of multigenic families in 
Eucalyptus grandis”, 8 multigenic families, involved in biotic and abiotic responses, have been 
annotated and analysed in E. grandis and compared with A. thaliana. Many recent tandem 
duplications leading to the emergence of specific gene cluster species and the explosion of the 
gene number, have been observed for the AP2, GRAS, LEA, PIN and CIII Prx in E. grandis, while, 
the APx, the AUX/LAX and DNAj are conserved between species.  
        Our team worked mainly on gene families CIII Prx and APx as well as the technical supports 
on all the families about the annotation, the phylogenetic analysis and the chromosomal 
localization analysis. 
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Abstract 
         
        Plant organisms contain a large number of genes belonging to numerous multigenic families 
whose evolution size reflects some functional constraints.  
        Sequences from eight multigenic families, involved in biotic and abiotic responses, have 
been analysed in E. grandis and compared with A. thaliana. Two transcription factor families 
AP2/ERF and GRAS, two auxin transporter families PIN and AUX/LAX, two oxidoreductase families 
(APx and CIII Prx) and two families of protective molecules LEA and DNAj were annotated in an 
expert and exhaustive manner. 
        Many recent tandem duplications leading to the emergence of species specific gene clusters 
and the explosion of the gene numbers have been observed for the AP2, GRAS, LEA, PIN and CIII 
Prx in E. grandis, while, the APx, the AUX/LAX and DNAj are conserved between species. 
        Although no direct evidence has yet demonstrated the roles of the recently duplicated genes 
observed in E. grandis, they could putatively be implicated in the morphological and physiological 
characteristics of E. grandis, and be the key factor for the survival of this non-dormant species. 
Global analysis of key families would be a good criterion to evaluate the capabilities of some 
organisms to adapt to environmental variations. 
 
Key words: multigenic families, duplications, phylogenetic analysis, gene structures, Eucalyptus 
grandis. 
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Introduction 
 
Duplication and adaptation in large multigenic families 
While some gene families were undergoing intensive expansions, others were submitted to 
a strong selection pressure to maintain them as unique genes, with a very low divergence rate, 
across different plant genomes (Armisen et al.  2008). 
There are three main hypotheses that can explain the large multigenic families of plants: 
the plant lifestyle, the environmental adaptation and the numerous duplications or 
transpositions (Freeling 2009). They are correlated and are the consequences of plant sessile 
status. 
Depending on whether they originate from local or large-scale duplication, subsequent 
copies are not always conserved and can become pseudogenes. If they are conserved, they are 
associated with subfunctionalisation and/or neofunctionalisation (Duarte et al.  2006). The global 
analysis conducted on paralogous pairs of regulatory genes in Arabidopsis thaliana showed that 
in a large majority of cases, there are significantly different expression within organs between 
paralogs (Duarte et al.  2006). Although there is no systematic complementarity or divergence of 
expression patterns, this is in favor of subfunctionalisation and neofunctionalisation after 
duplications. 
In the same way, a striking result of comparative genomics showed that gene birth and 
death occur with rates similar to those of nucleotide substitutions per site (Demuth and Hahn 
2009; Taylor and Raes 2004). This suggested that duplication plays an important role in the 
adaptation process, as well as the sequence divergence between orthologous genes. Recent 
genomic analysis performed between Arabidopsis halleri and Arabidopsis lyrata have 
demonstrated two recent gene duplications of an encoding metal pump controlling root-to-shoot 
Zn transport (HMA4 heavy metal ATPase 4) in the zinc and cadmium tolerant A. halleri (Roux et al.  
2011). 
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An arising question concerns the chronology of events: are duplication events the result 
from a large adaptation process? Or did the many duplication events allow changes in plant 
lifestyle? Most likely, the current situation is the result of a “zig-zag dialog” between genome 
plasticity and environmental adaptation. 
Eucalyptus grandis, economic interests 
Eucalyptus species are native to Australia and its northern islands. Currently, they are 
considered as the most widely planted hardwoods crop in the tropical and subtropical parts of 
the world thanks to their rapid growth rate, wide adaptability, and valuable wood properties 
(Tournier et al.  2003a). Eucalyptus grandis is an interesting model since it is the most widely 
used Eucalyptus plantation species and an important parent used in the development of fast-
growing eucalypt hybrids world-wide. 
Eucalyptus is a diploid species, with a haploid chromosome number of 11. The recent 
availability of its genome (Myburg et al.  2014) together with the expert annotation of several 
large multigenic families allows the genomic comparison with the Arabidopsis thaliana plant 
model and with another tree model, Populus trichocarpa. 8 multigenic families of various sizes 
have been analysed in order to obtain a gene list as accurate and complete as possible and to 
correlate duplication events and species evolution. 
AP2/ERF family 
The AP2/ERF (APETALA 2/Ethylene Responsive Factor) is a large family of plant specific 
transcription factors involved in developmental regulations and responses to biotic and abiotic 
stresses. These factors are characterized by the highly conserved DNA-binding domain of 60–70 
amino acids, first identified in A. thaliana involved in flower development (Jofuku et al.  1994). 
Based on the number of AP2 binding domains, the AP2/ERF family has been divided into five 
classes (Sakuma et al.  2002): AP2, RAV (Related to ABI3/VP1), ERF, DREB (Dehydration 
Responsive Element Binding) and a soloist, which were described for A. thaliana, V. vinifera and 
P. trichocarpa (Feng et al.  2005; Licausi et al.  2010; Sakuma et al.  2002; Zhuang et al.  2008). 
The AP2 are reported to be involved in the regulation of plant development while the RAV 
proteins participate in biotic and abiotic stress responses. The ERF subfamily constitutes the 
largest group of genes found to be involved in abiotic stress responses through ethylene-
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dependent or -independent pathways. However, the functions of abiotic stress-inducible ERF 
genes are still unknown. In contrast, it is admitted that the DREB genes are major factors in plant 
abiotic stress responses by activating the expression of many genes via the DRE/CRT cis-element 
(Dehydration-Responsive-Element/C-Repeat) (Lata and Prasad 2011).  
Auxin transporters: PIN and AUX/LAX families 
The plant hormone auxin plays a crucial role in control of plant growth/development and 
response to environmental stimuli. As the auxin response in plants is tightly dependent on auxin 
transport, its disruption impacts the majority of auxin-related developmental processes. Two 
types of auxin transporters were identified: auxin influx carrier AUX1/LAX (like AUX1) family and 
efflux carrier PIN-FORMED (PIN) family. The AUX1/LAX proteins belong to the amino acid 
permease family of proton-driven transporters and function as anionic symporters (Swarup et al.  
2004). , The plant specific auxin efflux transporters PIN proteins have two conserved hydrophobic 
domains separated by a central and divergent hydrophilic loop. Our knowledge of auxin transport 
in plant development is mainly obtained from the model plant A. thaliana and some other 
herbaceous plants such as maize, but little from woody plants, particularly concerning the role of 
auxin transport in wood formation, a developmental process specific to woody plants. Indeed, it 
has been well demonstrated that there is a high level of auxin in cambium that decreases almost 
to zero in the mature xylem or phloem cells in Poplar and Pinus (Tuominen et al.  1997; Uggla et 
al.  1996).  
DNAj/HSP40 family 
DNAj proteins, also called HSP40 (heat shock protein 40 kDa), form a large and diverse 
protein family which are expressed in most organisms including plants (Qiu et al.  2006). They 
contain an N-terminal highly conserved domain of 70-amino acids (J-domain) and a low similarity 
region of 120–170 residues at the C terminal (Bork et al., 1992). The J-domain consists of two 
helices separated by the loop region with conserved tripeptide HPD motif (histidine, proline and 
aspartic acid). Based on their structure, the DNAj proteins are classified into four types 
(Cheetham and Caplan 1998). Type I contains a glycine-rich region (G-domain) of about 30 
residues and a zinc-finger motif including four repeats of Cys-X-X-Cys-X-Gly-X-Gly sequence. Type 
II presents the G-domain without the zinc-finger motif and type III lacks these two extra domains 
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while type IV proteins have a J-domain lacking HPD motif. In A. thaliana, 120 members have been 
identified, but only a few of them have been characterized (Chen et al.  2010b). In the plant 
kingdom, DNAj proteins diversely function in developmental processes and stress responses, 
such as folding, unfolding, protein transport and degradation by interacting with HSP70, another 
molecular chaperone, and by stimulating its ATPase activity (Wang et al.  2004; Yang et al.  2010).  
GRAS family 
GRAS is a multigenic family of plant specific transcriptional factors. The name derives from 
the first three members identified, GAI (Gibberellic-Acid Insensitive), RGA (Repressor of GAI) and 
SCR (Scarecrow) (Bolle 2004). Despite their importance in regulating plant growth and 
development, the biological functions of them have not yet been elucidated. In A. thaliana and 
rice, 33 and 60 genes belonging to this family have been identified (Itoh et al.  2005; Tong et al.  
2009). This family can be classified into 8 subfamilies: DELLA, HAM, LISCL, PAT1, LS, SCR, SHR and 
SCL3. The GRAS proteins which are highly conserved in later diverged (400–700 amino acids) 
show conserved residues in C-terminal in contrast to a variable N-terminal domain (Hirsch and 
Oldroyd 2009). The functional analysis of 10 A. thaliana GRAS genes suggests their involvement 
in plant development and maintenance of the shoot apical meristem (Bolle 2004; Lee et al.  
2008). More recently, some GRAS proteins were reported to participate in the plant response to 
abiotic stresses and nodulation signaling in Medicago truncatula (Hirsch and Oldroyd 2009; Liu et 
al.  2011). Moreover, the DELLA proteins were reported to interact with a transcription factor 
involved in phytochrome signaling (Torres-Galea et al.  2013).  
LEA family 
The Late Embryogenesis Abundant (LEA) proteins have been detected in the entire plant 
kingdom and also in invertebrates, fungi, protists and prokaryotes (Reardon et al.  2010; Su et al.  
2011). Very recently, the phylogenetic comparisons of LEAs from various organisms including P. 
trichocarpa indicated this family underwent rapid expansion during the early evolution of land 
plants. In plants, the LEAs accumulate during late embryogenesis and in vegetative tissues 
exposed to dehydration, cold, salt or abscisic acid treatment (Yakovlev et al.  2008). Currently, 
LEA proteins are classified into 5 sub-groups (I–V) respectively corresponding to LEA D19, D11, D7, 
D113 and D95 (Ingram and Bartels 1996).  
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Highly hydrophilic, the LEAs can prevent the aggregation of proteins, which is generally 
observed along with desiccation or salt stress (Olvera-Carrillo et al.  2011). In contrast with other 
proteins, LEA proteins present a random structure, which becomes to a coiled α-helix structure 
when exposed to desiccation stress. Since the hydrophilic part of the α-helix structure becomes 
polarized, it may bind to intracellular ions and thus prevent the denaturation of proteins due to 
high salt concentration. Because they are amphiphilic, LEA proteins may bind to the cellular 
membrane and to the hydrophobic regions of other proteins, thus avoiding the irreversible 
denaturation of biological membranes and proteins (Kosová et al.  2011). 
Peroxidase families: APx and CIII Prx 
Ascorbate peroxidases (APx) and Class III peroxidases (CIII Prx) families belong to the so-
called non-animal peroxidase superfamily (Passardi et al.  2007c). Conserved domains and 
residues allow easy identification of each class. In plants, they use H2O2 as the electron acceptor 
and various substrates as the specific donors, which would be converted into radicals in this 
enzymatic reaction.  
APx belong to the Class I peroxidases and are detected in all chloroplast containing 
organisms. APx play a key role in the elimination of toxic amounts of intracellular H2O2 (Mano 
and Asada 1999). The APx family forms a small multigenic family (containing about 9–13 genes), 
subjected to punctual and recent duplication events in some species. Their sequences, isoform 
numbers as well as their gene structures are well conserved within divergent organisms which 
will be a good control for inter-species duplication events. 
CIII Prxs are known to participate in many different processes in plant from germination to 
senescence, such as auxin metabolism, cell wall elongation, stiffening and protection against 
pathogens (Hiraga et al.  2001a; Passardi et al.  2004b). However, the precise role in vivo of a 
single CIII Prx has not yet been found, mainly because of the wide range of peroxidase substrates 
and their probable functional redundancy. They are members of a large multigenic family in later 
diverged but are absent from all chlorophyte algae (Passardi et al.  2007b). The family was 
subjected to numerous recent duplications leading to a large increase in peroxidase copy 
numbers from the probable first non-aquatic organisms (Bryophyte) but without any genomic 
evidence. 
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        Among the 36 376 genes identified in the E. grandis genome, this paper presents the expert 
annotation of 8 multigenic families in order to analyse multigenic family duplications and their 
roles during the species’ evolution. The choice of the families was based on the following criteria: 
(i) multigenic families putatively subjected to duplication events, (ii) proteins known to be 
associated with biotic and abiotic responses, (iii) protein known to be important for regular 
development, (iv) families of regulator and effector genes and the last but not the least (v) 
human resources for expert annotation of more than 700 genes. In addition, the re-annotation of 
the selected multigenetic families from A. thaliana, P. trichocarpa and V. vinifera was performed 
even if the data were available from the literature. First, the analysis consisted in comparing gene 
family sizes between these 4 species. Therefore, we studied the phylogenetic relationships 
between the gene family members of E. grandis and between members of E. grandis and 
A. thaliana. Finally, through genome localization and phylogenetic analysis, we studied tandem, 
segmental and whole genome duplication events of these gene families in E. grandis.  
To our knowledge, it is the first time that a large-scale and expert analysis is performed on 
a woody plant genome. The global analysis of eight large multigenic families known to be 
important for regular development and/or associated with biotic and abiotic responses, will 
allow analysis the duplication events in the process of evolution. 
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Results 
 
Thanks to this family-focused analysis, over 700 genes have been annotated in E. grandis 
genome, meaning that 2% of the genome has been expertly annotated during this work (Tables 
S1–S7). 202 AP2/ERF, 92 GRAS, 22 auxin carriers (PIN and AUX/LAX), 233 oxydo-reductases (APx, 
CIII Prx and other peroxidases), 129 LEA, 101 DNAj have been identified and compared with three 
other dicotyledonous organisms: A. thaliana, P. trichocarpa and V. vinifera (Table 1). The manual 
and deep annotations allowed pinpointing the weaknesses of automatic annotations. Indeed, all 
families analysed have required re-annotation work ranging from 19 to 67% of the gene family 
(Table 2). This re-annotation work is considered to be light if only a short 5' end is missing or 
heavy when two ORFs have been merged and a large part of the protein sequence is missing due 
to an incorrect prediction. As some genes annotated as pseudogenes contained undetermined 
residues, they may turn into true genes with a future sequence release.  
AP2/ERF 
202 AP2 sequences can be detected in the E. grandis genome and half required a re-
annotation.  The gene number is similar to P. trichocarpa (200) but significantly larger than in 
A. thaliana and V. vinifera (respectively 147 and 149) (Feng et al.  2005; Licausi et al.  2010; 
Sakuma et al.  2002; Zhuang et al.  2008). 
The five well defined subfamilies (AP2, RAV, ERF, DREB and the soloist) are detected in E. 
grandis (Fig. S1). Similar numbers of AP2, RAV and soloist proteins are found in the four species. 
However, the sizes of the ERF and DREB subfamilies are significantly larger in E. grandis and 
P. trichocarpa than in A. thaliana and V. vinifera, (Table 1). 
The analysis of gene structures for all subfamilies shows that AP2 subfamily and the soloist 
have the largest number of introns (5–9) (Table S1). On the other hand, all members of RAV, ERF 
and DREB subfamilies possess no or few introns (maximum two).  
The chromosomal distribution of the AP2/ERF family members reveals that the 202 genes 
are unevenly distributed on the 11 chromosomes of the E. grandis genome and are present in all 
CHAPTER    III                               Explosive Tandem and Segmental Duplications of Multigenic Families … … 
59 
 
regions of the chromosomes (telomeric ends, near the centromer and in between). Hot spot of 
AP2/ERF duplication events (mix of recent tandem duplications and older segmental duplications) 
are mainly located in the chromosome 1 (14 DREB), 5 and 7 (22 and 19 ERF respectively) (Fig. 1 
and Fig. S2). The E. grandis AP2/ERF family contains 79 genes which are involved in tandem 
duplications grouped in 6 clusters (Fig. 1 and S1). Within these duplicated genes, 29 DREBs are 
gathered in 8 clusters and 43 ERFs are arranged in 6 clusters, consisting of repetitions of 2 to 16 
genes (Fig. 1). Duplicated genes EgrDREB47 and 48 are highly expressed in the phloem but not in 
the flower however not all the genes in duplicated clusters have the same expression profile such 
as DREB03 to 17(Fig. S3). 
Auxin transporters: PIN and AUX/LAX 
17 complete PIN genes and 5 AUX/LAX genes were detected in E. grandis and 27% required 
a re-annotation. (Table S2). The size of the PIN family in E. grandis is much larger compared to 
A. thaliana (8) and V. vinifera (9), while it is close to that of P. trichocarpa (16). The small 
AUX/LAX family remains similar in the isoform numbers in E. grandis (5), A. thaliana (4) and 
V. vinifera (4), while it rises to almost double in P. trichocarpa (8) (Table 1). Based on genome 
sizes and global gene number estimations (36 376 in E. grandis versus 21 189 in A. thaliana), the 
PIN family is highly expanded except for the AUX/LAX family. 
In silico mapping of these genes’ loci shows that EgrPIN genes are located on 8 of the 11 
chromosomes. Two TDs, two SDs and one WGDs containing in total 10 genes were identified (Fig. 
2). However, five EgrAUX were mapped on 4 of the 11 chromosomes without any tandem 
duplications. 
Phylogenetic reconstruction using all predicted E. grandis and A. thaliana amino acid 
sequences shows that PIN proteins can be divided into two main groups, named I and II both 
containing A. thaliana and E. grandis proteins (Fig. S4). Group I contains similar number of 
sequences from both organisms. Group II contains the majority of the EgrPIN gene duplications 
leading to a larger number of isoforms (10) in comparison with A. thaliana (2). The intron-exon 
patterns of PIN proteins are very well conserved with respect to the last 4 introns. On the other 
hand, large variability is observed at 5’ end in terms of length and intron composition and 
position (Fig. S4). 
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The group II consisting of reduced (AtPIN6) and short members (AtPIN5) in A. thaliana, also 
contains highly expanded short members corresponding to the duplication loci in E. grandis. 
Interestingly, the ‘short’ PINs have been shown to be predominantly targeted to the endoplasmic 
reticulum, where they regulate subcellular auxin compartmentalization and homeostasis. 
DNAj 
Due to the lack of global analysis, a particular annotation effort has been required for the 
annotation of DNAj in the four organisms (Table 1). 101 DNAj isoforms have been detected in 
E. grandis belonging to four types and 18% required a re-annotation (Table S3). Compared with 
other studied plants, the size of the DNAj family in E. grandis is larger than V. vinifera (88 
members) but smaller than Arabidopsis (115 members, some reported sequences lacking the J-
domain were not taken into account) and in P. trichocarpa (140 members). The size range is well 
conserved between the four species under study. Gene structure analysis shows a large variation 
of intron numbers which is up to 21 for Type III, fewer than 10 for Type II and from 5 to 17 for 
Type I.  
In E. grandis and A. thaliana, DNAj are unevenly distributed on the genome (Fig. 3 and S5). 
Types I and II are smaller groups than Type III (respectively 8, 16 and 74 sequences), and are 
again in the same range as in A. thaliana (respectively 8, 19 and 85 members). The explosion of 
Type III could be due to old duplications since most of the time E. grandis orthologs can be found 
in A. thaliana (Fig. S6). Moreover, three J-like proteins were collected in E. grandis genome. The 
family is not subjected to large tandem duplications leading to large clusters of paralogs (Fig. S5) 
and no duplication hotspots are observed (Fig. 3). The explosion of Type III is mainly due to 
ancient duplications since most of E. grandis orthologs can be found in A. thaliana (Fig. S6). 
Surprisingly only three tandem clusters were detected. 
Due to the huge difference in their predicted structures, two separate phylogeny trees 
were built (Fig. S5): one for Types I and II proteins and one for Types III and IV. The large 
phylogenetic distance between the family members is mainly explained by the presence/absence 
of specific domains and also by the variation of their position on the sequence. For example, 
Type II proteins lack the zinc-finger domain but include a long G/F region (70–120 residues) with 
a high variation in the G/F sequence. In contrast, Type I proteins contain a shorter G/F region 
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(40–50 amino acids). J-domain is located at N-terminal region for almost all Type I and II proteins 
while it is placed at any region in the Type III proteins. Some Type III proteins also include zinc-
finger domain different from that one of Type I. Based on the heatmap of RNA-seq, the 
duplicated genes within the DNAj family have no significant expression specification (Fig. S7). 
GRAS 
The GRAS family contains 92 encoding sequences in the E. grandis genome and 20% 
required a re-annotation. (Table 1 and S4) which is in the same range than in P. trichocarpa (98 
members) but much more than in A. thaliana (33 members) and V. vinifera (46 members). The 
phylogenetic analysis shows that the GRAS proteins are distributed into 8 subfamilies for 
E. grandis and A. thaliana (Fig. S8). DELLA and LS subfamilies contain a similar number of closely 
related orthologs between the two species (Fig. S9). The higher number of GRAS sequences in 
E. grandis in comparison to A. thaliana, is mainly due to tandem duplications for the other 
subfamilies particularly PAT1 and LISCL isoforms (38 in E. grandis and 6 in A. thaliana). For these 
genes, tandem duplications are mainly located in chromosomes 1, 2, 10 and 11 (Fig. 4). In 
addition some SDs and WGS can be detected for the GRAS family, which means that this 
explosive expansion is recent and occurred after the chromosomal re-organization. 
Among the GRAS proteins, DELLA and LS subfamilies, which are the most conserved 
between the E. grandis and A. thaliana, are also best defined (with restricted functions). 
However, PAT1 and LISCL, largely duplicated in E. grandis have been reported to have a role in 
more general processes such as plant development and plant defense response (Sun et al.  2012). 
The GRAS family genes of TD 2 (Fig. 4) are specifically and highly expressed in phloem and 
immature xylem. Differently from TD 2, genes in TD 3, 4, 5 and 12 have the similar gene 
sequences and structures but have thoroughly different expression profiles (Fig. S10). This 
situation among duplicated genes should be tightly associated with subfunctionalisation and 
neofunctionalisation. 
LEA 
The manual annotation of the four organisms allowed identifying 129 LEAs in the E. grandis 
genome, 93 in A. thaliana, 93 in P. trichocarpa and 42 in V. vinifera based on their PFAM profiles 
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(Table 1). The number of LEA sequences identified is higher than previously reported (51, 53 and 
36 genes in A. thaliana, P. trichocarpa and V. vinifera, respectively).  
Based on Hundermarck and Hincha classification, the LEAs from E. grandis are distributed 
into 8 subfamilies like in V. vinifera and P. trichocarpa (Fig. S11), but A. thaliana exhibits an 
additional specific group (AtM) (Fig. S12). Since the first phylogenic tree constructed from all LEA 
proteins had shown long distance branches between the 8 subfamilies, separated trees were 
built (Fig. S11). The gene structure analysis shows that all LEA proteins contain few (three 
maximum) or no introns (Fig. S11, Table S5). 
The analysis of the gene’s loci map showed that the LEA family members are spotty 
distributed on the 11 chromosomes. When looking closely, the duplication events were found for 
almost all subfamilies, except LEA1 and LEA4. The dehydrin proteins (DHN) are mostly distributed 
on chromosome 6 and 9 (respectively 6 and 4 out of 14) while LEA2 are abundantly located on 
chromosome 5 and 10 (respectively 21 and 15 out of 86).  
The subfamily composition is different between species. The LEA4 subfamily, which 
appeared to be subject to isoform number fluctuations between species, is reduced in E. grandis 
in comparison to A. thaliana. The LEA2 subfamily identified by the presence of PFAM 03168 is the 
largest of the studied species since it contains more than half of the LEA members, which 
explains the differences in family sizes between species. However, within this subfamily, most of 
the proteins are phylogenetically distinct from the LEA2 previously reported in plants and will be 
named LEA-like. The explosion of LEA isoforms number is mainly due to large duplication events 
such as those involving 15 LEA-like on chromosome 10 or 21 LEA-like on chromosome 5 of the 
E. grandis genome (Fig. 5).  
LEAs were  subjected to positive pressure in a way that in clusters of highly conserved 
sequences, some sequences have lost key residues such as on the chromosome 3 with two LEA 
sequences (EgrLEA-like-12 and 16) surrounding 3 other ones. The high number of duplicated LEA 
together with their conserved mutations could confer an evolutionary advantage for E. grandis. 
Genes EgrLEA-83, 84 and 85 in TD 18 of LEA-like sub-family which have similar expression are all 
not expressed in roots (Fig. S13). 
Peroxidases families: APx and CIII Prx 
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Based on an expert and exhaustive data mining, 181 CIII Prx sequences (including 20 partial 
sequences and 47 pseudogenes) and 13 APx sequences (Class I) have been annotated in 
E. grandis (Table S6). The number of complete CIII Prx sequences is probably underestimated, 
considering the large number incomplete sequences containing undetermined nucleotides. These 
values are the highest among dicotyledons (75 in A. thaliana). Among these 181 CIII sequences 
annotated from E. grandis 65% required a re-annotation. E. grandis presents a remarkable 
concentration of sequences on chromosome 1 (Fig. 6), where 56 CIII Prxs have been detected. As 
expected, the APxs present no significant variation of isoform numbers when compared with 
other studied organisms (Table 1). 
The phylogenetic tree of APx and CIII Prxs provides a general overview of this superfamily. 
The analysis of the tree topology allows identifying 5 main clusters of CIII Prxs (I–V) that are 
supported by the observation of specific amino acid variations within each group (Fig. S14). A 
similar clustering is observed when A. thaliana sequences are included in the tree. Comparative 
analysis allows identifying species specific clusters (Fig. S15). The sequences within the conserved 
sub-clusters contain the same intron/exon structures such as 3 introns for the cluster I on 
chromosome 1, or sub-cluster II.2 (Fig. S6 and S14). 
After analysis, 30 TDs were identified in the E. grandis genome for sub-clusters members 
located in the same chromosome with a high proportion on chromosome 1 (Fig. 6). On the whole 
genome, 8 pairs of SDs have been found on chromosomes 1, 3, 5, 6, 7 and 8 (marked with SD 1 to 
SD 8 in Fig. 6). 
The 11 APx are distributed on chromosomes 1, 2, 3, 5, 6, 9 and 10 while the CIII Prx genes 
are located throughout the 11 chromosomes (Fig. 6). Two sequences, EgrPrx176 and EgrPrx177, 
which are located on an unplaced scaffold, have also been annotated from E. globulus and 
E. camaldulensis. Therefore, these two genes have been included in the phylogenetic tree. 
Species specific gene duplications have previously been characterized for CIII Prx by 
comparing sequences from O. sativa and A. thaliana (Oliva et al.  2009). In terms of gene 
conservation, two levels of analysis could be done. At the species level, a large number of CIII Prx 
duplications can be observed in E. grandis genome when compared to both the A. thaliana and 
P. trichocarpa genome. In addition, some isoforms are present in E. grandis and P. trichocarpa 
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but their orthologs are missing in the A. thaliana genome. This could be due to the putative 
conservation of a gene to be in relation to a “tree” specific function. 
In conclusion, while the APx family is globally conserved between the species under study, 
the CIII Prx family seems to result from numerous tandem duplications.  
Genes Prx125 and Prx126 which belong to TD22 display the same expression from the 
Heatmap of RNA-seq (Fig. S16). TD23 (Prx129 and 130) and TD29 (Prx161–163) have similar 
situation with TD22. Prx04 and Prx13 that are respectively located on duplicated segments 
present the same profile of the expression which can be deeply used to explain the segmental 
duplication occurred during the evolution process. Genes EgrPrx105 and EgrPrx109 which 
located on SD3 can be also a good example for segmental duplication without gene 
neofunctionalisation.  While interestingly EgrPrx62 and EgrPrx63 are recent tandem duplications 
which have different expression profiles: highly expressed in mature leaf and root respectively.    
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Discussion 
 
Although the quality of the annotations of new genomes has been improved, the 
percentage of incorrect or missing annotations remains high. For most of the families annotated, 
the number of proteins extracted from the predicted proteome contains several theoretical 
alternative transcripts of the same gene, partial sequences and did not contain the whole 
number of isoforms. The more duplications detected in a family, the higher is the automatic 
annotation bias. Therefore, it appears essential that the set of proteins used for the analysis 
should be exhaustive and of high quality for a phylogenetic analysis. The protocol used, which 
combined automatic (with Scipio) and expert annotation, reduces the number of mis-predictions 
and increases the coverage of the annotation. The annotation of partial and pseudogene 
sequences, both most of the time missed from automatic annotations, is necessary because it 
can bring important information for the global analysis of families’ evolution. 
Through the analysis of eight multigenic families, two evolutionary situations are observed. 
First, the number of paralogs remains stable from one organism to another. This is the case of 
DNAj, APx and AUX/LAX or other families such as Catalase (Kat) and Thiol peroxidase (two 
families not described in detail in this study). These proteins are therefore not subjected to 
recent evolution since few TDs are observed in the various phylogenetic analyses (Table 3). In 
addition, no aborted duplication events are observed since no pseudogenes are detected during 
the exhaustive data mining. The lack of variation of the isoform numbers between species 
together with the strong conservation between orthologs may suggest a negative selection 
regarding the importance of the protein function. The implication of some of these proteins in 
protein complexes such as DNAj with HSP70 or an in cyclic mechanism such as ascorbate cycle 
also justifies the gene number conservation. Indeed, a rapid analysis of the DNAj’s partner as well 
as the ascorbate cycle has demonstrated an isoform number conservation between species. 
On the other hand, the significant increase in family size observed when comparing the 
four species under study, is mainly due to the high number of isoforms of some classes (or sub-
families) such as DREB and ERF for AP2/ERF family, the cluster II.3 and 4 for CIII Prx, EgrPIN group 
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II, PAT1 and LISCL for GRAS family and LEA2. The increase in isoform numbers is mainly due to 
TDs while some SDs led to large cluster of paralogs in restricted areas. Even if, in some cases, 
these large clusters contain pseudogene sequences meaning that some duplicated genes will 
disappear, the majority of the different paralogs are conserved. This suggests a positive selection 
and that duplication events and paralogs conservation can be somewhere advantageous for 
E. grandis and could lead to new paralogs sub- and neofunctionalisation or to a dosage effect. 
The frequency of duplication events appeared to be connected to the size of the family analysed. 
Except for the PIN family, these gene expansion events are mainly observed within large 
multigenic families therefore more statistically prone to duplication. The significant variation of 
the gene number together with the conservation of these duplication events suggest a selective 
pressure leading to a diversifying selection. It could be related with the morphological and 
physiological differences of E. grandis such as growth rate or non-dormancy capacity. Functional 
and expression analysis of these duplicated genes could further confirm this hypothesis. 
In a general manner, SDs and WGDs are detected regardless of the evolutionary situations 
and are not significantly different between two protein groups of similar sizes even if their size 
increases relatively to that of A. thaliana. In contrast, the number of TDs is very high in the case 
of a protein family whose size increases relatively to that of A. thaliana (Table1 and 3). Regarding 
the genes distribution, hot spots of TDs combined with SDs are detected in chromosomes 1, 2, 5, 
6, 7 and 10. On the other hand, the other chromosomes (3, 4, 8, and 9) contain less duplication 
events. The complexity of the duplication events is illustrated for the chromosome 5 and 6 where 
several SDs with internal rearrangements and TDs were detected (Fig. 7). It appears that 
sequence (function/role) and chromosomal location can be correlated with these hot spots. For 
example, the duplications of DREB genes, described as regulators of abiotic stress responses 
mainly located in the chromosome 1, could be necessary for E. grandis to cope with various 
environmental changes. Similarly, a cluster of GRAS and another of CIII Prx proteins, with roles 
during growth and plant defense response, are mainly located in chromosome 1. In this case, hot 
spots leading to numerous paralogs may restore the correct dosage balance in a dosage sensitive 
system. 
Nevertheless many questions are still unsolved and need further investigation to be 
correctly addressed, such as: Why are some families (clusters or sub-classes) subjected to 
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numerous duplication events while other protein families have kept a similar gene number after 
speciation? Is that information intrinsic to the sequence and could function promote and control 
their duplications? Is it connected to the location on the chromosome? 
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Materials and methods 
 
Sources of genomic and protein sequences 
The E. grandis genome and proteome that are available at Phytozome 
(http://www.phytozome.net/eucalyptus.php) were downloaded using the first version of the JGI; 
the data were released on the 15th of January 2011. Peroxidase sequences from A. thaliana or 
P. trichocarpa are available at the PeroxiBase (http://peroxibase.toulouse.inra.fr). The 
P. trichocarpa AP2/ERF family gene annotations were taken from Zhuang et al. (Zhuang et al.  
2008), and from Licausi and co-workers for Vitis vinifera (Licausi et al.  2010).  
Datamining and annotation 
Exhaustive datamining was performed for the identification of sequences of each family in 
E. grandis. Sequences from different families used in this study have been annotated following an 
expert process to discard prediction errors inherent to automatic annotations (Fawal et al.  2014). 
First, BLASTP was performed between the whole E. grandis proteome and the already annotated 
sequences from P. trichocarpa. This allowed obtaining initial batches corresponding to the 
different protein families. Afterwards, manual and individual corrections of each predicted 
sequence was performed meaning that each candidate gene was analysed based on the presence 
of the characteristic domain of each family. Alternative transcript variants and redundant 
sequences were discarded to prevent artifacts during phylogenetic analysis. Partial gene models 
were verified based on gene structures, presences of conserved domains and EST (expressed 
sequence tag) supports. These corrected sets of proteins were used to determine the 
corresponding chromosomal positions, gene structures and CDS (coding sequence) sequences 
using a home-made protocol based on a spliced alignment program, Scipio (Keller et al.  2008). 
New paralogous sequences initially not annotated were found thanks to this method. Final 
batches of proteins and pseudogenes, containing complete and partial sequences were obtained 
from the E. grandis proteome, manually corrected sequences and new sequences generated with 
Scipio. Each gene has been numbered as following: Egr, followed by the protein abbreviation and 
by a number representing the order of the position on the chromosomes. 
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Regarding the gene families from A. thaliana, P. trichocarpa and V. vinifera, data were 
obtained from literature when available. For the DNAj family, since no exhaustive data was 
available, the annotation has been done for the four organisms. 
Phylogenetic and clustering analysis 
All protein sequences used for the in silico analysis can be found in the PeroxiBase 
(http://peroxibase.toulouse.inra.fr) (Fawal et al.  2013; Koua et al.  2009) and in EucaToul 
(http://www.polebio.lrsv.ups-tlse.fr/eucatoul/index.php). Complete sequences were used for the 
Phylogenetic analysis  and aligned using MAFFT (Thompson et al.  1994). Then, the alignments 
were further inspected and visually adjusted using BioEdit 7.2 (Tippmann 2004). The 
phylogenetic trees were reconstructed with the Maximum-likelihood (ML) method using PhyML 
version 3.0 (Guindon et al.  2010). The substitution model determined by protTest (Abascal et al.  
2005) was LG (Le and Gascuel 2008) and a gamma distribution (4 discrete categories of sites and 
an estimated alpha parameter) was used. The Maximum-likelihood algorithm BIONJ (Gascuel 
1997) distance-based tree was used to refine the starting tree. The latter tree was optimized for 
topology, branch lengths and substitution rate parameters using the approximate likelihood ratio 
test (aLRT). The aLRT statistics assess the likelihood that a branch exists on a Maximum-likelihood 
tree (Anisimova and Gascuel 2006). The non-parametric Shimodaira-Hasegawa-like procedure 
was used to interpret the aLRT statistics by converting them to bootstrap values. Trees were 
edited and analysed using TreeDyn (Chevenet et al.  2006a) and Archaeopteryx (Han and Zmasek 
2009). Finally, species specific clusters were collapsed to facilitate the trees interpretations. 
Genomic comparison 
The intron/exon coordinates together with the corresponding genomic sequences of all 
identified genes were determined with Scipio (Keller et al.  2008). The conserved intron/exon 
organization of the different families was verified with software that positions introns in protein 
sequences: CIWOG (Wilkerson et al.  2009b) and GECA (Fawal et al.  2012b) analysed the gain 
and loss of introns and the conservations between paralogs and through species. 
Graphical presentation of gene localization on chromosomes and linkage between genes 
were produced using MapChart V2.1 (Voorrips 2002a). The analysis of the intron size changes 
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was visualized through a graphical representation of the corresponding gene structures (Fawal et 
al.  2012b). 
Duplication events and expression analysis 
Gene family expansion is associated with whole genome duplications (WGDs), segmental 
duplications (SDs) and tandem duplications (TDs). Different definitions are available for these 
events, and in order to analyse them, we have defined them as following: WGD as blocks of DNA 
that map to different loci in another chromosome, SD as blocks of DNA that map to different loci 
in the same chromosome and TD as clusters of duplicated genes. Duplication events were 
highlighted thanks to the combined phylogenetic analysis of A. thaliana and E. grandis. The 
analysis of the orthologous and paralogous relationships has allowed determining the existing 
duplications. Based on the definitions made above, the distinction between WGD, SD and TD has 
been made thanks to the analysis of chromosomal localization. 
To analyse the relationship between gene duplication and gene functionalisation, the 
RNA-seq data have been visualised and analysed in this study using Expander version 6 (Ulitsky et 
al.  2010). The whole set of annotated proteins have been analysed for their expression data 
thanks to the alignment against E. grandis EST library available from NCBI.  
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Tables 
 
Table 1 AP2, GRAS, PIN, AUX/LAX, CIII Prx, APx, Thiol peroxidase and Kat isoform numbers found in four 
dicotyledonous organisms. 
 
Organisms Genes 
(Paralogs) 
AP2/ 
ERF 
GR
AS  
PIN AUX/
LAX 
APx CIII 
Prx 
Thiol 
Prx 
Kat LEA DNAj/HS40 
E. grandis 
A. thaliana 
P. trichocarpa 
V. vinifera 
36376 (nd) 
21189 (1630) 
30260 (4791) 
21189 (543) 
202 (11) 
147 
200 
149  
92 (3) 
33 
98 
46 
17 (2) 
8 
16 
9 
5 
4 
8 
4 
13 (5) 
9 (1) 
11 (1)  
10 (2) 
181 (47) 
75 (2) 
99 (12) 
97 (10) 
17  
18 (1) 
18 (4) 
13 (1) 
12 (5) 
3 
4 (1) 
2 
129 (3)  
93 
93 
42 
101 (2) 
115 
140 
88 
 
Note: The data from E. grandis were obtained from predicted proteome and the manual annotations of 
the predictions. When not found in the literature, data from A. thaliana, P. trichocarpa and V. vinifera 
were obtained as for E. grandis. Theoretical translation or pseudogene (sequence with missing motifs, 
with stop codon in frame and with gap in the sequence) which had been counted in the total are notified 
in brackets.    
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Table 2 Automatic versus manual annotation.  
 
Family Annotated by 
Phytozome* 
Annotated 
manually** 
Total No*** Ratio of re-annotation 
AP2/ERF 
GRAS 
PIN 
AUX/LAX 
ARF 
IAA 
APx 
CIII Prx 
Thiol peroxidase 
Kat 
LEA 
DNAj/HSP40 
189 (84) 
92 (18) 
15 (3) 
5 (1) 
17 (5) 
24 (5) 
13 (6) 
94 (31) 
14 (1) 
6 (2) 
111 (29) 
97 (14) 
97 
18 
5 
1 
5 
5 
6 
118 
4 
8 
47 
18 
202 (11) 
92 (3) 
17 (2) 
5 
17 
26 
13 (5) 
181 (47) 
17 
12 
129 (3) 
101 (2) 
48% 
20% 
29% 
20% 
29% 
19% 
46% 
65% 
24% 
67% 
36% 
18% 
 
Note: *Including correctly and incorrectly annotated sequences. The number of incorrect annotations was 
noted in brackets. **The number of manual annotated sequences due to bad and partial prediction, lack 
of prediction or withdrawal of accession between two successive Phytozome versions. *** Theoretical 
translation or pseudogene was noted in the bracket. 
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Table 3 Duplication events detected in E. grandis genome based on paralog/ortholog relationship and 
chromosomal localization. 
 
Family TD clusters TD events SD events WGD events 
AP2/ERF 
GRAS 
PIN 
AUX/LAX 
APx 
CIII Prx 
LEA 
DNAj/HSP40 
17 
10 
2 
0 
1 
28 
19 
5 
62 (39%) 
40 (54%) 
2 (24%) 
0 
1 (15%) 
59 (48%) 
47 (51%) 
5 (5%) 
14 
3 
2 
0 
0 
8 
1 
6 
19 
9 
1 
0 
1 
10 
14 
19 
 
The numbers of tandem duplication (TD) clusters, TD events, segmental duplication (SD) events and whole 
genome duplication (WGD) events were listed in this table. A  family with “x” clusters composed with 
tandemly duplicated genes, in case of “n” tandem duplicated genes, “n-x” events have been registered. 
The percentage of genes implicated in tandem duplications is notified in brackets (n / family size). 
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Figures 
 
Fig. 1 Genomic localization of AP2/ERF genes from E. grandis.  
All the predicted AP2 genes including complete sequences, partial sequences and pseudogenes are 
presented. ERF genes are marked in red, AP2 in black, DREB in green, RAV and soloist in blue. TD clusters, 
SD events and WGD events are displayed on the right side of the corresponding sequences or segments. 
This synthetic chromosomal localization is displayed by MapChart 2.1 (Voorrips 2002a). 
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Fig. 2 Genomic localization of Auxin transporters PIN and AUX/LAX genes from E. grandis.  
All the predicted PIN (black) and AUX/LAX (red) genes are presented. TD clusters, SD events and WGD 
events are displayed on the right side of the corresponding sequences or segments. This synthetic 
chromosomal localization is displayed by MapChart 2.1.  
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Fig. 3 Genomic localization of DNAj genes from E. grandis.  
All the predicted DNAj genes including complete sequences, partial sequences and pseudogenes are 
presented. DNAj genes type I are marked in green, DNAj genes type II in red, DNAj genes type III in black, 
and DNAj genes IV JLP2 in blue. TD clusters, SD events and WGD events are displayed on the right side of 
the corresponding sequences or segments. This synthetic chromosomal localization is displayed by 
MapChart 2.1. 
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Fig. 4 Genomic localization of GRAS genes from E. grandis.  
All the predicted GRAS genes including complete sequences, partial sequences and pseudogenes are 
presented. GRAS genes type SHR are marked in blue, DNAj genes type HAM in green, DNAj genes type 
PAT1 in red, DNAj genes type SCR in blue fluo, DNAj genes type LISCL in black, DNAj genes type SCL3 in 
purple and DNAj genes type LS in brown. TD clusters, SD events and WGD events are displayed on the 
right side of the corresponding sequences or segments. This synthetic chromosomal localization is 
displayed by MapChart 2.1. 
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Fig. 5 Genomic localization of LEA genes from E. grandis.  
All the predicted LEA genes including complete sequences, partial sequences and pseudogenes are 
presented. LEA1 are marked in dark, LEA2 and LEA like in red, LEA3 in green, LEA4 in blue, LEA5 in pale 
green, LEA6 in pink, SMP in fluo green, Dehydrine (DHN) in brown. TD clusters, SD events and WGD events 
are displayed on the right side of the corresponding sequences or segments. This synthetic chromosomal 
localization is displayed by MapChart 2.1. 
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Fig. 6 Genomic localization of Peroxidase gene family from E. grandis.  
All the predicted APx and CIII Prx genes including complete sequences, partial sequences and 
pseudogenes are presented. APx genes are marked in green including APx-R which are in italic and 
underlined. CIII Prx genes are marked in black. TD clusters, SD events and WGD events are displayed on 
the right side of the corresponding sequences or segments. This synthetic chromosomal localization is 
displayed by MapChart 2.1.  
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Fig. 7 Illustration of segmental duplication observed in the chromosome 5 and 6.  
AP2/ERF genes, Class III Prx genes, and DNAj genes part of duplications have localized on chromosomes 5 
and 6. Same colour corresponds to the two parts of SD. Size of duplicated segment has been increase 
when data was available from the Eucalyptus consortium and noted limit_sup or limit_inf. This synthetic 
chromosomal localization is displayed by MapChart 2.1.  
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Supporting Information 
 
Fig. S1 Phylogenetic representation of AP2/ERF proteins from E. grandis.  
This analysis is based on all the complete genes on the 11 chromosomes of E. grandis. The analysis is 
constructed by Mafft and visualized with TreeDyn. ERF genes are marked in green, AP2 in violet, DREB in 
red, RAV and soloist in blue. The bootstraps were written on the tree. 
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Fig. S2 Phylogenetic representation of AP2 proteins from E. grandis and A. thaliana.  
(a) sub-family AP2; (b) sub-family RAV; (c) sub-family DREB; (d) sub-family ERF. The bootstraps were 
written on the trees. The clustering of sub-family DREB and ERF were analyzed and marked with vertical 
lines and cluster (sub-cluster) names in different colors in (c) and (d).   
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Fig. S3 Heat map of the expression of the AP2/ERF genes from E. grandis in seven different tissues 
determined by RNA-seq.  
The chromosomal localization of each gene was listed on the right.  
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Fig. S4 Phylogenetic representation of auxin transporters PIN (a) and AUX/LAX (b) proteins from E. 
grandis and A. thaliana.  
The bootstraps are written on the trees. The intron numbers and the chromosomal localization of each 
gene is listed to the right of the trees. The gene structures were also visualized to the right side. The black, 
gray blocks represent the exons and the gaps while others represent the introns. The clustering of family 
PIN was analyzed and marked with vertical lines and cluster (sub-cluster) names in different colors in (a).   
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Fig. S5 Phylogenetic representation of DNAj proteins from E. grandis.  
Schematic radial phylogeny (a) and horizontal cladogram (b) of the whole set of DNAj. The bootstraps 
were written on the tree.  
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Fig. S6 Phylogenetic representation of DNAj proteins from E. grandis and A. thaliana.  
Schematic radial phylogeny (a) and horizontal cladogram and (b) of the whole set of DNAj. The bootstraps 
were written on the tree.  
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Fig. S7 Heat map of the expression of the DNAj genes from E. grandis in seven different tissues 
determined by RNA-seq.  
The chromosomal localization of each gene was listed on the right.  
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Fig. S8 Phylogenetic representation of GRAS proteins from E. grandis.  
The bootstraps were written on the tree. The intron number of each gene was listed on the right of the 
tree. The gene structures were also visualized on the right side. The black, gray blocks represent the exons 
and the gaps while others represent the introns. The clustering of family GRAS was analyzed and marked 
with vertical lines and sub-cluster names in different colors.  
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Fig. S9 Phylogenetic representation of GRAS proteins from E. grandis and A. thaliana.  
The bootstraps were written on the tree.   
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Fig. S10 Heat map of the expression of the GRAS genes from E. grandis in seven different tissues 
determined by RNA-seq.  
The chromosomal localization of each gene was listed on the right.  
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Fig. S11 Phylogenetic representation of LEA proteins from E. grandis.  
Schematic radial phylogeny of the whole set of LEA (a). Separated phylogeny of LEA sequences: typical 
including LEA1, 4, 5 and 6 and DHN (b) and atypical including LEA2, 3 and SMP (c). The LEA2 family is 
represented in dark blue, LEA5 in azure, LEA6 in violet, LEA/DNH in orange, LEA/SMP in pink, LEA1 in 
green, LEA3 in red and the common root in black. The bootstraps were written on the trees while the 
intron number of each gene was listed on the right of the trees (b) and (c). The gene structures were also 
visualized on the right sides. The black, gray blocks represent the exons and the gaps while others 
represent the introns.  
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Fig. S12 Phylogenetic representation of LEA proteins from E. grandis and A. thaliana.  
A schematic radial phylogeny of the whole set of LEA (a) and its horizontal cladogram (b). The LEA2 family 
is represented in dark blue, LEA5 in azure, LEA6 in violet, LEA/DNH in orange, LEA/SMP in pink, LEA1 in 
green, LEA3 in red and the common root in black. The bootstraps were written on the tree (b).  
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Fig. S13 Heat map of the expression of the LEA genes from E. grandis in seven different tissues 
determined by RNA-seq.  
The chromosomal localization of each gene was listed on the right.  
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Fig. S14 Phylogenetic representation of peroxidase family: APx and CIII Prx proteins from E. grandis.  
The red squares on the tree represent the genes which have not yet been identified as located in any 
chromosome. The intron number and the chromosome localization of each gene were written on the right 
of the tree. The gene structures were also visualized on the right side. The black, gray blocks represent the 
exons and the gaps while others represent the introns. The clustering of family APx and CIII Prx families 
were analyzed and marked with vertical lines and cluster (sub-cluster) names in different colors.  
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Fig. S15 Phylogenetic representation of peroxidase family: APx and CIII Prx proteins from E. grandis and 
A. thaliana.  
The chromosome localization and the intron number of each gene were written on the right of the tree. 
The clustering of APx and CIII Prx families were analyzed and marked with vertical lines and cluster (sub-
cluster) names in different colors.   
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Fig. S16 Heat map of the expression of the APx and CIII Prx genes from E. grandis in seven different 
tissues determined by RNA-seq.  
The chromosomal localization of each gene was listed on the right.   
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Table S1 List of AP2 genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, CBF name, old and new Phytozome 
nomenclatures, scaffold localization (start and stop codons), scaffold, intron number, quality of the 
annotation and EST number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad 
prediction: the sequence is badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; No 
annotation: no annotation have been found from Phytozome; nd: not detected; Removed: the record has 
been removed from Phytozome.   
 
Table S2 List of auxin transporters: PIN and AUX/LAX genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, old and new Phytozome nomenclatures, 
scaffold localization (start and stop codons), scaffold and intron number, quality of the annotation and EST 
number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad prediction: the sequence is 
badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; No annotation: no annotation have 
been found from Phytozome; nd: not detected.  
 
Table S3 List of DNAj genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, old and new Phytozome nomenclatures, 
scaffold localization (start and stop codons), scaffold and intron number, quality of the annotation and EST 
number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad prediction: the sequence is 
badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; No annotation: no annotation have 
been found from Phytozome; nd: not detected.  
 
Table S4 List of GRAS genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, old and new Phytozome nomenclatures, 
scaffold localization (start and stop codons), scaffold and intron number, quality of the annotation and EST 
number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad prediction: the sequence is 
badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; No annotation: no annotation have 
been found from Phytozome; nd: not detected; Removed: the record has been removed from Phytozome.  
 
Table S5 List of LEA genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, old and new Phytozome nomenclatures, 
scaffold localization (start and stop codons), scaffold and intron number, quality of the annotation and EST 
number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad prediction: the sequence is 
badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; No annotation: no annotation have 
been found from Phytozome; nd: not detected; Removed: the record has been removed from Phytozome.   
 
Table S6 Peroxidase families: List of APx and CIII Prx genes in E. grandis.  
The new proposed nomenclature, sub-class memberships, status, old and new Phytozome nomenclatures, 
scaffold localization (start and stop codons), scaffold and intron number, quality of the annotation and EST 
number from NCBI are displayed. Ok: the sequence is correctly annotated; Bad prediction: the sequence is 
badly predicted; Partial 3’/5’: Only 3’/5’ end has been annotated; PS: Partial sequence without both 3' and 
5' ends; No annotation: no annotation have been found from Phytozome; nd: not detected.   
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Table S7 The RNA-seq data of the mutigenic families in E. grandis.  
In the RNA-seq the RNA from immature xylem, young leaf, mature leaf, shoot tips, roots, flowers, phloem 
were sequenced. The DNA sequences of genes in families AP2/ERF, PIN, LAX, DNAj, GRAS, LEA, APx and 
CIII Prx annotated by Phytozome were used to screen the RNA-seq data. Value of zero stands for genes 
with no hit (no expression) and empty cells correspond to genes not included in the mapping process.    
 
Note: the supplementary tables can be accessed by the link below:   
https://onedrive.live.com/redir?resid=9CB1B2403E1E6886!47247&authkey=!AFOl89ZYHiz3RnA&ithint=
file%2c.xlsx 
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Chapter IV Global Evolutionary Analysis of Hydrogen 
Peroxide Related ROS Gene Network in Four Eucalyptus 
species 
 
        The availabilities of the genomic data of four Eucalyptus species together with the expert 
annotation of gene families allow the comparative analysis between the four species. Based on 
the four sets of genomic data, comprehensive annotation with experimental detection can be 
performed to exhaustively annotate the gene sequences from the 11 peroxidases families. 
Analysis of the gene gain/loss can be also performed. The comparative analysis should be a good 
criterion to evaluate the adaptation of different species with different characters. 
        Research article “Global Evolutionary Analysis of Hydrogen Peroxide Related ROS Gene 
Network in Four Eucalyptus species” describes the comprehensive annotation of peroxidases in 
the four Eucalyptus species and the comparative analysis conducted in this study which shows 
the different features of conservation, expression and duplication of the 11 ROS gene families as 
well as the characters about family sizes, gene gain and loss, expression profiles and the 
divergence dates of the four Eucalyptus species.  
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Abstract 
 
        Eucalyptus is one of the most widely grown hard-wood species which is more and more 
focused on. Peroxidase (EC 1.11.1.x) members of the so-called ROS gene network are enzymes 
able to catalyse oxidation-reduction reactions with hydrogen peroxide as the acceptor of 
electrons. The availabilities of high-throughput genomic sequencing projects and the large EST 
libraries for several Eucalyptus species, together with expert annotation allow cross-species 
comparative analysis. Ten multigenic peroxidase gene families: 1CysPrx, 2CysPrx, APx, APx-R, CIII 
Prx, Diox, GPx, Kat, PrxII, PrxQ and the ROS producer gene family Rboh were annotated in an 
expert and exhaustive manner from the genomic data available from Eucalyptus camaldulensis, 
Eucalyptus globulus, Eucalyptus grandis and Eucalyptus gunnii. In addition, a specific sequencing 
strategy was performed in order to determine if the missed sequences in at least one organism 
are the results of gain/loss events or of only sequencing gaps. The comparative analysis was 
conducted in this study which shows the different features of conservation, expression and 
duplication of the 11 ROS gene families as well as the characters about family sizes, gene gain 
and loss, expression profiles and the divergence dates of the four Eucalyptus species. Overall, the 
comparative analysis should be a good criterion to evaluate the adaptation of different species 
with different characters. And it is also a good indicator to explore the evolutionary process.  
Key words: ROS, Eucalyptus, divergence time, peroxidases, evolutionary rate 
 
CHAPTER    IV             Global Evolutionary Analysis of Hydrogen Peroxide Related ROS Gene Network … … 
 
113 
 
 
Introduction 
       
        Because of their fast growth rate, valuable wood and fibre properties and wide adaptabilities, 
Eucalyptus species with haploid chromosome number of 11 have been rapidly introduced from 
Australia to other countries such as France, Brazil, Portugal, and so on in the world. Over 700 
species constitute the Eucalyptus genus, including E. grandis, E. camaldulensis, E. globulus and E. 
gunnii which have different growth conditions and phenotypes (Tournier et al.  2003b). For the 
high commercial value, Eucalyptus sp. are highly interesting for genetic research and trans-
genetic improvement (Mullins et al.  1997). In the last 15 years, several studies have led to a 
better understanding of the Eucalyptus genome and the development of an important set of 
genetic/genomic tools, which can be used to enhance future breeding efforts. Along with the 
genomic sequencing projects (Myburg et al.  2014) and the expansion of the EST libraries for 
some species such as E. camaldulensis, E. globulus, E. grandis and E. gunnii expert annotation and 
the comparative analysis have become possible.  
        To adapt to various biotic and abiotic stresses, plants have evolved very complex regulatory 
mechanisms which could consequently increase the cellular concentration of reactive oxygen 
species (ROS). The ROS including singlet oxygen (1O2), superoxide anion (O2•-), hydrogen peroxide 
(H2O2) and hydroxyl radical (HO•) are highly toxic. They can lead to the oxidative damage of cells 
while they are participating in some positive biological processes such as cell cycle (Foreman et al.  
2003), programmed cell death (PCD) (Overmyer et al.  2003), H2O2 signaling (Neill et al.  2002). 
The level of ROS in cells is determined by the interplay between ROS producing pathways and 
ROS scavenging mechanisms, part of the ROS gene network of plants. During evolution, efficient 
ROS-scavenging mechanisms have been developed which can tightly regulate the level of ROS. 
The ROS levels are perceived by different proteins, enzymes or receptors and modulate different 
developmental, metabolic and defense pathways (Mittler et al.  2004). 
        Peroxidases (EC number 1.11.1.x), members of the ROS gene network are enzymes able to 
typically catalyze reduction of H2O2 by taking electrons in order to various oxidize substrates such 
as lignin subunits, lipid membranes, and some amino acid side chains (Lazzarotto et al.  2011; 
CHAPTER    IV             Global Evolutionary Analysis of Hydrogen Peroxide Related ROS Gene Network … … 
 
114 
 
Passardi et al.  2004a). These enzymes are present in all kingdoms and play very important roles 
in plants from germination to senescence such as defense mechanisms, immune responses and 
pathogeny (Passardi et al.  2004a). They can be divided into heme and non-heme peroxidases 
due to the presence of a protoporphyrin IX and Fe (III). In plants, 7 multigenic families of 
peroxidases are part of the ROS gene network: ascorbate peroxidase (APx), ascorbate peroxidase 
related (APx-R), catalase (Kat), glutathione peroxidase (GPx), peroxiredoxin, alpha-dioxygenase 
(DiOx) and Class III peroxidases (CIII Prx). The peroxiredoxin is a small and highly conserved family 
containing 4 subfamilies: 1-Cysteine peroxiredoxin (1CysPrx), Typical 2-Cysteine peroxiredoxin 
(2CysPrx), Atypical 2-Cysteine peroxiredoxin type II (PrxII) and type Q (PrxQ)) (Koua et al.  2009). 
The plant Respiratory burst oxidase homologues (Rboh), also known as NADPH oxidases, are not 
members of peroxidase families but belong to the ROS gene network. These proteins are 
detected in all kingdoms and are responsible for superoxide generation thanks to their functional 
oxidase domain (Suzuki et al.  2011). Genes belonging to the ROS gene network are mainly 
members of multigenic families  often subjected to gene gain or loss events (Kettler et al.  2007). 
Gene duplications are a major source of differences between species during the process of 
evolution. Therefore, the study of the relationship between heterogeneous data such as genome 
structure, gene structure, gene gain and loss and function across different biological species or 
strains will be necessary for the research of evolution and adaptability (Filipski et al.  2005). As 
more and more genomes are sequenced, evolutionary biologists are becoming increasingly 
interested in evolution at the level of whole genomes. Indeed, genomes from various species can 
be compared regarding the genes birth/death rates, the genes duplications, the evolutionary 
distance, the gene expression and the chromosomal localization. The gene conservation and 
variation should be a crucial criterion to evaluate the capabilities of some organisms to adapt to 
different environmental variations. Although no direct evidence has yet demonstrated that the 
gain/loss events of some genes between the four Eucalyptus species could be responsible of the 
difference of morphological and physiological characteristics. Comparative analysis of the 
molecular sequence data is essential for reconstructing the evolutionary history of species and 
inferring the nature and extent of selective forces shaping the evolution of genes and species 
(Tamura et al.  2011).  
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        The ratio between non-synonymous (Ka) and synonymous (Ks) nucleotide substitution is an 
indicator of selective pressures on genes which can be used to identify pairwise combinations of 
genes where encoded proteins may have changed function. A ratio significantly greater than 1 
indicates positive selective evolutionary pressures while a ratio less than 1 indicates the negative 
selective pressures which could conserve protein sequence during the process of evolution (Yang 
et al.  2000; Zhang et al.  2006). For several decades the well-known hypothesis called “molecular 
clock”, which states that the simplest model proposed that there was a roughly proportional 
relationship between the amino acid substitutions in a protein and the time since the species 
compared. This hypothesis has been found controversial because researchers demonstrated that 
during the long evolutionary process, the proteins appeared to vary among different groups of 
species (Easteal and Herbert 1997). However, the substitution rate is still possible for divergence 
time analysis which is very useful for the evolutionary research (Nei et al.  2001). Estimating of 
divergence time is generally more difficult than reconstructing of a phylogenetic tree, because 
genes do not evolve at a constant rate. For this reason, recently, authors have used many 
independently evolving genes to estimate divergence times in the hope of reducing the effect of 
rate variation (Doolittle et al.  1996; Kumar and Hedges 1998). In recent years, a large number of 
authors have investigated the evolutionary relationships of plants using both molecular and 
paleontological data (dos Reis and Yang 2011; Wang et al.  2000). BEAST (Bayesian Evolutionary 
Analysis Sampling Trees) is a powerful and flexible evolutionary analysis package for molecular 
sequence variation. It also provides a resource for the further development of new models and 
statistical methods of evolutionary analysis (Drummond and Rambaut 2007). 
        Comparative analysis of DNA sequences from multiple species is a powerful approach for 
identifying coding and functional non-coding sequences, as well as sequences that are unique of 
a given organism (Frazer et al.  2003). In this study, 11 families belonging to the ROS gene 
network have been annotated from genomic sequences available for four Eucalyptus species. 
Then, the distribution and the duplication of the ROS genes were analysed followed by the global 
comparative analysis including the gene gain and loss, the family conservation and the expression 
study based on EST (expressed sequence tag) and RNA-seq (RNA Sequencing) data. The 
evolutionary rate and the divergence time among species have also been studied. Comparative 
genomic analysis can show differences between the genomes of very closely related species. 
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These differences will then shed light on the phenotypic differences between the four species. 
Genes that differ between species can be studied deeply to determine what makes up the 
phenotypic differences between the two species. To our knowledge, it is the first time that a 
large-scale and expert comparative analysis has been performed on four Eucalyptus species. This 
analysis allows analysis of the duplication events in the process of evolution and the divergence 
between different organisms. 
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Results and Discussion 
 
Data Retrieval, Semi-automatic Annotation and Statistics 
        Thanks to the semi-automatic and manual protocol used for the annotation (see materials 
and methods), a total of 902 genes from 11 families have been annotated from the four 
Eucalyptus species genomes including complete, partial and pseudogenes sequences. 230 genes 
of E. grandis including 57 pseudogenes have been identified; only 92 proteins were correctly 
predicted by Phytozome using homology-based FgenesH and GenomeScan predictions (Myburg 
et al.  2014) while 41 genes were incorrectly predicted. Then, the remaining 97 sequences, not 
automatically predicted by Phytozome, have been finally annotated manually from the genomic 
assembly and the support of EST libraries available from NCBI. In E. camaldulensis, 82 of the 222 
sequences were correctly predicted by Kazusa combining several programs for prediction 
(GeneMark.hmm, GeneScan, NetGene2 and Splicepredictor) (Hirakawa et al.  2011) while 131 
genes are incorrectly predicted, meaning that only 9 sequences have been manually annotated. 
In E. globulus and E. gunnii, since only DNA sequences were available, the annotation was 
performed using E. grandis ROS gene proteins as a template. 239 and 211 genes are annotated 
respectively including 51 pseudogenes for both organisms. What should be noticed is that the 
qualities and completeness of the four genomic data sets are variable. Indeed, 121, 123, 82 and 
71 incomplete genes have been obtained from E. camaldulensis, E. globulus, E. grandis and E. 
gunnii respectively. These incomplete sequences (partial genes and pseudogenes) are related to 
undetermined nucleotide acids or frame shifts probably due to the bad sequencing, low coverage 
and mis assembly. Among these four sequencing and assembly projects, E. grandis and E. gunnii 
showed much better outputs compared with E. camaldulensis and E. globulus due to the 
sequencing coverage. The isoform number of each family and each organism were listed in table 
1. The elevated level of incorrect or not predicted genes is mostly due to the complexity of 
multigenic family annotation.  
        For the annotation of E. grandis, two query protein sets were used for the Scipio processes. 
Interestingly, only 148 CIII Prxs were found if only the protein set (101 sequences) of P. 
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trichocarpa was taken as the query of Scipio while with the protein set (166 sequences) of E. 
camaldulensis 181 CIII Prxs were detected. It should due to the restriction of Scipio program 
which, based on homology, can only detect the very similar target genes but get some far-related 
genes lost (Fawal et al.  2014). To bypass this restriction, proteins from more than one related 
organism were used for comprehensive Scipio process.  
        Although the quality of the annotations of new genomes has been improved thanks to the 
improvements of tools for assembly, the percentage of incorrect or missed annotations still 
remains high. The result obtained from E. grandis and E. camaldulensis confirmed the bias of 
automatic annotation process and particularly in the case of large multigenic families. Some 
genes will not be predicted and annotated sometimes due to the query selected while a large 
proportion of genes have not been annotated correctly. So the automatic annotation must be 
companied with manual corrections to obtain an expert data mining for feature analysis (Fawal 
et al.  2014). Of course, it is also difficult to correct all the errors produced in the annotation 
process due to the sequencing errors and the quality of assemblies. Along with the expansion of 
data sources such as EST databases, genomic databases, the proportion of mis annotation should 
be reduced and the pseudogenes and the partial genes mentioned in this study could acquire a 
complete status.  
Necessary and Effective Search for “Missed” Genes  
        The comparative analysis of the ROS gene sets found in the four Eucalyptus species allows 
identification of the putative genomic “missed” sequences in one or several organisms 
(supplementary table S1, Supplementary Material online). Even if the studied families are 
subjected to many duplications and gene number variation, the differences detected between 
the four Eucalyptus species appeared to be very high. 
        In order to determine if “missed” sequences are due to gene pseudogenisation, gain/loss 
events or partial genomic sequencing coverage, 103 pairs of primers were designed to clone and 
sequence the putative “missed” sequences. Finally PCR and DNA sequencing procedures allowed 
identifying 62 new sequences from the 4 species (20, 6, 14 and 22 in E. camaldulensis, E. globulus, 
E. grandis, and E. gunnii respectively, table 1, supplementary table S1, Supplementary Material 
online). 
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        The ratio between the number of new genes detected by PCR and the final total ROS gene 
number is 8.3%, 2.5%, 5.7% and 9.4% from E. camaldulensis, E. globulus, E. grandis, and E. gunnii 
respectively. These values indicate the quantity of missed genomic sequencing or the mis-
assembly and can inform on the genome coverage. The ratios of E. gunnii and E. camaldulensis 
are higher compared with the other two. Most of the newly found genes are CIII Prxs (77.4%) 
which could be normal due to the high proportion of CIII Prx family in ROS gene network (76%).  
        The complementary annotation process based on the comparison of some closely related 
organisms are necessary especially to cover the shortage of the sequencing and assembly. The 
comprehensive annotation process (containing automatic annotation, manual correction and 
complementary annotation consisting EST check and PCR data mining) will provide more expert 
and exhaustive data (supplementary tables S2 - S5, Supplementary Material online). Of course 
this method is limited only for annotations of at least two closely-related genomes and cannot be 
applied with only one genome or far-related genomes.  
Phylogenetic Analysis of ROS Genes in E. grandis and Localisation on the 11 Chromosomes 
        The exhaustive in silico and experimental ROS gene network mining allow drawing of a global 
overview of the 11 ROS gene families in E. grandis. A phylogenetic tree of the ROS genes of E. 
grandis provides a general overview of the ROS gene network (fig. 1, supplementary figure S1, 
Supplementary Material online). Each family is well defined and the superfamily membership is 
respected such as for 1CysPrx, 2CysPrx, PrxII and PrxQ belonging to peroxiredoxin superfamily 
have a close relationship in the phylogenetic tree.  
        Chromosomal localisation of 218 ROS genes (assigned to a chromosome) allow a global 
distribution analysis. 61 of 218 sequences (28%) are located on chromosome 1 and among which 
there are 56 CIII Prxs (32.2% of 174 CIII Prxs) (fig. 2). 3 1CysPrx genes, 7 Kat genes and 2 APx-R 
can be also detected on the same chromosome while on chromosome 4, only 5 genes (2.3%) 
have been found. The concentration of ROS gene on the chromosome 1 is the highest (1.51 per 
Mb) among the 11 chromosomes while the chromosome 4 possesses the lowest ROS gene 
concentration (0.12 per Mb) (supplementary table S6, Supplementary Material online). Among 
the 11 families only CIII Prxs are detected on every chromosome. The imbalance between the 
observed distribution on chromosomes 1 and 4 has been already detected for other 
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superfamilies (Li Q, unpublished data) which can suggest hot spot of duplications on 
chromosome 1 related with high functional priority. 
There are Gene Gain and Loss Events during the Evolutionary Process 
        The speciation process was accompanied with the birth of organism specific genes (Fig. 3). 
For CIII and other families there are specific genes along with the species splices. 34, 13, 9 and 9 
CIII genes were born to characteristic the newly spliced organism (E. camaldulensis, E. gunnii, E. 
grandis and E. globulus). The further evolutionary relationship they have, the fewer common 
genes they possess, when compare each two organisms. Gene gain and loss events have been 
analysed between every two organisms (supplementary figure S2, Supplementary Material 
online). E. globulus contains 9 specific CIII Prx orthologous, 9 missed and 182 common sequences 
compared with CIII Prx family of E. grandis. Differently, compared with E. grandis, E. gunnii lost 
20 CIII Prxs and only gained 9 Compared to E. globulus, E. gunnii lost 17 and only got 6 isoforms 
while compared to E. camaldulensis, it lost 22 and got 15 genes.  
        Among the CIII Prxs, 153 sequences have been detected common to the four Eucalyptus 
species. 1 sequence has been found to be specific to E. grandis, 2 to E. camaldulensis and 1 to E. 
gunnii. However, in E. globulus there are no organism specific CIII Prx genes found (fig. 4, 
Supplementary table S1, Supplementary Material online). About other genetic families, the four 
Eucalyptus species contain similar gene numbers (49, 51, 52 and 49 respectively in E. 
camaldulensis, E. globulus, E. grandis and E. gunnii). 47 sequences are common for the 4 species. 
Only 1 organism specific gene in E. globulus has been detected. However it is still difficult to 
determine whether the organism specific gene was from a gene gain event or a gene loss event 
in other organisms. But anyway, the pairwise comparison should be still considered as a useful 
method for the selection of candidate genes that have potentials of organism specific functions 
like EguPrx171 with no paralogs in the other three organisms.   
        Among the 4 organisms, the non-Egu genes (28) which is higher than the other species’ and 
represents the missed sequences in this species, indicate the possibility that the sequencing of E. 
gunnii genome and the PCR detection are not exhaustive or there were fewer ROS genes 
especially CIII Prx genes. It might be the reason why the ROS gene network size of E. gunnii is 
smaller than other three organisms.  
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These Families of ROS Gene Network Possess Different Features of Conservation  
        Phylogenetic analysis and the chromosomal localisation, allow identifying various duplication 
events such as tandem (TD), segmental duplication (SD) and whole genome duplications (WGD) 
events. Based on the duplication events, the 11 families can be categorized into duplicated gene 
families and non-duplicated families. The former group contains families CIII Prx, Kat, 1CysPrx 
and GPx while the latter one contains APx, APx-R, Rboh, DiOx, 2CysPrx, PrxII and PrxQ.  
       In order to determine where the observations made for the 4 Eucalyptus species are also 
valid for more distant species, compositions of the ROS genes network from the four Eucalyptus 
species together with four dicotyledon organisms: A. thaliana, V. vinifera (grape), M. truncatula 
and P. trichocarpa have been performed (table 2). Among the 11 families, CIII Prxs are the largest 
family which contains more than 60% of the ROS genes in the 8 organisms. APx-R, 2CysPrx, DiOx 
and PrxQ can be considered as singleton families which contain one gene (the pseudogene was 
not mentioned). APx, GPx, Rboh, PrxII are small multigenic families subjected to size conservation 
between species. However, CIII Prx, 1CysPrx and Kat are families subjected to size variation and 
duplications. These three families have largely increased in Eucalyptus species compared to the 
other four organisms with the highest isoform number for the CIII Prxs found in dicotyledons. 
Among the other organisms studied in this research, M. truncatula contains the most CIII Prxs 
(106) which is only 55.5% of the number in E. grandis or E. globulus (191). As observed between 
Eucalyptus species, the 8 other families tend to keep a stable isoform number (table 2). And 
interestingly the sizes of these types of families are small (from 1 to 11 isoforms).  
        Special attention was paid to detect and identify the partial sequences and pseudogenes in 
order to have the most correct sequences for global analysis. Indeed, the presence of 
pseudogenes reflects recent duplication events in order to adapt to the complex living 
environment. According to the research of Chen (Chen et al.  2010a), the gene families with 
conserved size such as APx-R, 2CysPrx, DiOx, PrxQ, APx, GPx, Rboh and PrxII could be essential 
genes and subjected to less function variations. On the other hand, gene families with large size 
variation, such as CIII Prx, 1CysPrx and Kat could contain functional redundancy necessary for 
rapid adaptation. For a further research most of genes in the size conserved families should be 
the potential candidates which might have crucial functions.  
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The Families without Size Conservation Contain Lots of Gene Duplication Events  
        CIII Prx, 1CysPrx and Kat families present size variations between close or more distant 
species. These differences are mainly due to the different levels of duplications. Using only 
complete sequences from E. grandis and according to the sequence alignment and to the 
phylogenetic analysis, the CIII Prx family contains 80 TDs (mentioned), 8 SDs and 10 WGDs.  
        For example, 1 large and recent SD can be found in chromosome 1 including ROS genes 
EgrPrx01-08 and EgrPrx09-16 (fig. 5). These two regions result from a recent SD with 8 genes 
obtained from 7 recent TDs. The SD was confirmed by phylogenetic analysis performed with the 
16 protein sequences (fig. 6A). The tree shows the best reciprocal hits between genes and 
confirmed the SD. It is difficult to determine which segment initially duplicated. However, before 
this duplication event, one ancestral gene was duplicated once to produce 2 genes which 
respectively evolved into EgrPrx03 and the ancestral gene of the 7 other genes. Likewise, the 
ancestral gene of the 7 other genes was duplicated to generate EgrPrx06 and an ancestral gene 
of the left 6 genes. Duplications occurred following this strategy until 8 genes appeared on the 
segment 01-08 (fig. 6B). Segment 01-08 duplicated and inserted into chromosome 1 reversely to 
form the segment 09-16. These 2 duplicated segments are visualised in fig. 5 with the ROS genes 
and the intergenic sizes. The sizes of these two duplicated segments are 57190 bp and 54832 bp 
respectively, which are similar but not exactly the same not only due to undetermined nucleotide 
acids but also to the gene loss and the pseudogenes which lost some parts of sequences. The 
sizes of the gene EgrPrx02 and 15 are very different due to the undetermined nucleotide acids 
(NNN…) introduced in the sequence assembly. Similarly, the interval between EgrPrx12, 13 and 
EgrPrx09, 10 also contain undetermined nucleotide acids which can explain the size variation 
between the orthologous sequences. Among the 16 genes of these two segments, gene pairs 
EgrPrx06/11 and EgrPrx03/14 are all pseudogenes that have processed very long term evolution. 
Another evidence to demonstrate the duplication strategy is the feature motif ‘YSDC, YADC, YTDC, 
YFDC’ in the 16 genes that replaced the usual ‘FHDC’ found in all other CIII Prxs (fig. 6A). The 
complete sequences among the 16 CIII Prx genes have the same genetic structure (3 introns and 
4 exons, which can also support the duplication events in the birth of multigenes.  
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        The paralogs of these 16 genes can be detected in other three Eucalyptus species (except the 
paralog of EgrPrx16 in E. gunnii) while they are lacking from other organisms such as A. thaliana, 
P. trichocarpa and M. truncatula. Hence the duplication events described above should occur 
after the divergence of Eucalyptus and before the divergences of the four Eucalyptus species.  
        A similar situation has been observed for the Kat and 1CysPrx families. The first one contains 
tandem duplications (Kat01-1, 01-2, 02 and Kat03, 04, 05 and 06) and segmental duplications 
(Kat01-02, 03-06) on chromosome 6. The second one also contains tandem duplication 
(1CysPrx01, 02) and segmental duplication (1CysPrx01-02, 03) on chromosome 7 despite the 
small size of this family. Interestingly, GPx, a size conserved multigenic family among the 8 
organisms in this study, also contains duplications such as TDs GPx01, 02, GPx04, 05 and GPx06, 
07, SD GPx08, 09 and WGD GPx03-04,05-06,07.  
        The explosion and the conservation of the ROS encoding gene numbers may be associated 
with organ diversification, climatic changes and the constant appearance of new pathogens 
(Passardi et al.  2004a). Nevertheless there is still a question about the family-explosion: why are 
some families subjected to numerous duplication events while other protein families have kept a 
similar gene number after speciation? What we can propose is that the organisms need more 
different proteins of some families to adapt to the complex living environments. But it is still hard 
to explore the roles of the recently duplicated isoforms which might contain similar gene 
sequences, gene structures and protein functions. Perhaps after a long period of evolution these 
isoforms would evolve into genes with special functions. Or the genes introduced by the 
duplications will increase the expression of the proteins on the transcriptional level.  
The Families of ROS Possess Different Expression Levels in Each Organism but Similar Profiles 
among Eucalyptus Species 
        EST libraries and RNA-seq data available from various sources have been analysed for the 
four Eucalyptus species and A. thaliana (table S2 – S5, table S7 – S9, Supplementary Material 
online). The same paralog has similar expression level is detected in each organism regarding 
genes highly expressed such as PrxII03, 2CysPrx01 and APx03. On the contrary, some orthologs 
can present different expression profiles. For example, isoform Prx113 is only highly expressed in 
E. camaldulensis and E. globulus; isoform Kat03 is highly expressed in E. camaldulensis but lowly 
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expressed in other three organisms. Orthologs with different expression profiles might be related 
to the different properties of the four organisms (supplementary figure S3, Supplementary 
Material online). The expression of 11 ROS gene families shows similar profile for the four 
Eucalyptus species but different from the A. thaliana. The expression levels of Family 2CysPrx and 
PrxII are absolutely higher than the other families especially the 2CysPrx in E. gunnii. All the 
organisms have very low expression of 1 CysPrx, APx-R and Rboh (Fig. 7). Low expression of DiOx 
goes against Chen’s conclusion that the families with size conservation have higher level of gene 
expression (Chen et al.  2010a). E. grandis has different expression of PrxQ which can be 
demonstrated by both EST data and RNA-seq data compared to other four organisms. In A. 
thaliana the Kat family shows the highest expression and lower expression for PrxII which is so 
different from Eucalyptus species.  
        Within Eucalyptus the ROS families present similar expression characters even though there 
have been different species spliced from this Genus. It can be explained that the species evolved 
under the natural selection to keep some common properties of Eucalyptus with the similar 
expression level of some genes while along with a long evolution process after the splice of 
Eucalyptus and Arabidopsis the ROS expression status became more and more different from 
each other.  
Duplicated Genes Possess Different Expression Profiles 
        Regarding the heat map of ROS network in E. grandis visualized, some groups or sub-groups 
can be determined based on the expression profiles (fig. S3, Supplementary Material online). 
Between the expression profiles and the duplications on chromosomes, there is no unique 
relationship has been found. Some genes included in segmental duplications have the same 
expression profile such as SD EgrPrx67, 68 and SD EgrPrx83, 87-88. This situation is much easier 
to understand. When the duplication events occurred the genes duplicated by large segments 
contain the coding and regulatory sequences. That is why the genes can present similar 
expression profile. Interestingly EgrPrx62 and EgrPrx63 are recent tandem duplications which 
have different expression profiles: highly expressed in mature leaf and root respectively while 
however EgrPrx62 and EgrPrx08 which are far-related on the genomic level have the same 
expression profile. During the evolution process, the duplicated genes obtained specific 
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regulations to express and spread this function to different organs. These duplicated genes could 
be genetic redundancy where the second copy of the gene is often free from selective pressure - 
that is, mutations of it have no deleterious effects to its host organism. The genetic redundancy 
can be also supported by duplicated genes EgrPrx118-122 among which only EgrPrx121 can be 
detected highly expressed in roots and immature xylem while others are not expressed. Even 
though the answer to the question why there are redundant duplicated genes found widely, the 
duplication events which give birth to more genes will accumulate mutations faster than a 
functional single-copy gene,  and over generations of organisms, and it is possible for one of the 
two copies to develop a new and different function. 
The Divergence Dates of the Four Eucalyptus Species 
        Expert and exhaustive annotation of the four Eucalyptus species and A. thaliana allow 
generation of a high quality sequence batch for divergence analysis. The known divergence 
between A. thaliana and Eucalyptus species has been used to calibrate the time tree and to get 
the divergence date between the 4 Eucalyptus species. E. camaldulensis diverged first 1.27 
million years ago, followedg by E. gunnii 0.89 million years ago and more recently E. grandis and 
E. globulus diverged 0.15 million years ago. According to the evolutionary rate (Ka/Ks) most ROS 
genes evolved under negative selection (table S10, Supplementary Material online). Interestingly, 
the CIII Prx evolved faster than other families based on the higher evolutionary rate. The faster 
evolution and the high duplication rate could be correlated and due to the intrinsic properties of 
the CIII Prx family.  
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Materials and Methods 
 
Source of Genomic and Protein Sequences 
        The genome and the proteome of E. camaldulensis and E. grandis were downloaded 
respectively from Database Kazusa (http://www.kazusa.or.jp/eucaly/index.html) and from 
Phytozome (http://www.phytozome.net/Eucalyptus.php) which is a joint project of the 
Department of Energy's Joint Genome Institute (JGI) and the Centre for Integrative Genomics 
(CIG). The Next Generation Sequencing technologies (NGS) (Villamor et al.  2013), allowed us to 
expand the knowledge of the Eucalyptus genome by focusing on the genome of E. globulus clone 
X46 and E. gunnii clone FCBA #634 (Cagire Azura, protected under UPOV number 20070559). 
Both genomic files containing short reads of the whole genome were available from JGI and Tree 
For Joule respectively. The peroxidase sequences from the four Eucalyptus species, A. thaliana, V. 
vinifera, P. trichocarpa and M. truncatula are available at the PeroxiBase 
(http://peroxibase.toulouse.inra.fr).  
Data Mining and Annotation with a Comprehensive Annotation Processes 
        To annotate a multigenic family, three steps: automatic annotation, manual annotation and 
experiments for ‘missed’ genes were followed. To obtain the automatically predicted peroxidases 
the protein sequences of P. trichocarpa (retrieved from PeroxiBase) were used as a query for 
BlastP against the proteome of E. grandis and finally got a fasta file containing the entire initial 
automatically annotated proteins of E. grandis corresponding to every family mentioned in this 
study. As follows an expert process to discard prediction errors detected in automatic 
annotations was performed. In this process alternative transcript variants and redundant 
sequences were discarded to prevent artefact during phylogenetic analysis. Partial gene models 
were verified based on gene structure, presence of conserved domains and EST supports. The 
corrected set of protein sequences were used for Scipio (Keller et al.  2008) to obtain the 
corresponding chromosomal positions, gene structures, DNA and CDS sequences as well as 
paralogs not annotated in the automatic process by Phytozome. At the end, we obtained the 
final batches of proteins and pseudogenes (defined as sequences with missed motifs, with stop 
CHAPTER    IV             Global Evolutionary Analysis of Hydrogen Peroxide Related ROS Gene Network … … 
 
127 
 
codon in frame and with gap in the sequence), containing complete and partial sequences 
extracted from the E. grandis proteome with the semi-automatic instrument (Fawal et al.  2012a). 
During the annotation process, the manual annotation is necessary to modify some errors using 
databases such as National Center for Biotechnology Information (NCBI) (Benson et al.  1990), 
PeroxiBase (peroxibase.toulouse.inra.fr), Kazusa database (www.kazusa.or.jp), Phytozome 
(www.phytozome.net) and tools such as prediction tool FGENESH+ (Solovyev et al.  2006), 
ExPASy (www.expasy.org) (Artimo et al.  2012). Each gene has been named as following: Egr, 
followed by the protein abbreviation and by a number which represents the order of the 
positions on the chromosomes. The annotation protocol of E. camaldulensis was performed using 
sequences previously annotated from E. grandis, following similar process than described for E. 
grandis.  
        The short-read E. globulus genomic DNA was assembled with mapping method: assembling 
reads against an existing backbone sequence, building a sequence that is similar but not 
necessarily identical to the backbone sequence (Tsai et al.  2010), mapped on peroxidase 
genomic DNA from E. grandis and visualized with software Tablet version 1.12 (Milne et al.  2010). 
The manual annotation was also performed after the NGS analysis.  
        A similar strategy was used for E. gunnii annotation using as query set, the proteins detected 
in one of the three eucalyptus species. The sequences of E. camaldulensis, E. globulus and E. 
gunnii were named according to the E. grandis orthologous sequences.  
        The different pipelines of the annotation process used for the four Eucalyptus species are 
summarized in fig. 9 which shows the comprehensive annotation processes. The proteins 
correctly and newly annotated with corresponding DNA, CDS, and structure information are 
available in PeroxiBase (Fawal et al.  2013).  
Search for Missed Peroxidase Sequences 
        Because closely related species have such similar genomes, the sequenced genes of one 
species can be used as a template to design primers to search the missed related sequences or to 
complete partial sequences or to modify the pseudogenes. 103 pairs of PCR primers were 
designed which are listed in supplementary table 11 (Supplementary Material online) with the 
list of sequences used for the primer design. The length range of the primers is from 19 bp to 27 
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bp, while the sizes of PCR products are from 300 bp 2600 bp. The primers were designed based 
on the DNA, promoter and terminator sequences (retrieved from Phytozome or Kazusa). The 
genome DNA of the four Eucalyptus species was extracted with Cetyl trimethyl ammonium 
bromide (CTAB) method from the leaves. In each PCR reaction three different annealing 
temperatures 53 ℃, 58 ℃ and 63 ℃ were used coupled with 72 ℃ as the elongation 
temperature and 94 ℃ as the pre- and denaturation temperature. In the reaction of each pair of 
primers at least one positive control are used with the DNA containing the target gene as the 
template. The PCR products of the newly found genes are sequenced, assembled, annotated and 
submitted to GenBank (Benson et al.  2013) (http://www.ncbi.nlm.nih.gov/genbank/) and 
PeroxiBase (https://peroxibase.toulouse.inra.fr/).  
Analysis of Phylogeny, Chromosomal Localization and the Duplication Events 
        The phylogenetic trees were reconstructed with the Maximum-likelihood (ML) method using 
PhyML-aLRT 3.0 (Guindon et al.  2010) and visually edited and with Treedyn (Chevenet et al.  
2006b).  The phylogenetic analyse was conducted with all the complete protein sequences of E. 
grandis. The protein sequences were aligned using MAFFT (Thompson et al. 1994) and then 
followed by the further inspected and visually adjusted using BioEdit version 7.2 (Tippmann 
2004). 
        The localisation of gene in E. grandis was retrieved from Phytozome by Scipio with manual 
modification. The graphical presentation of gene localisation of the 11 families on chromosomes 
and the duplication linkage between genes were produced using MapChart software (Voorrips 
2002b).  
        The duplication events of E. grandis including whole genome duplication, segmental 
duplication and tandem duplication were analysed based on the phylogenetic tree of A. thaliana 
and E. grandis together.  
Pairwise Comparison of ROS Genes in the Four Eucalyptus Species 
        According to the identities of protein sequences of these four species, the gene gain-and-loss 
analysis has been performed. For each gene, 4 orthologous genes which have high identities that 
are shared by the above four species are named with the same number.  
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Expression Analysis Based on ESTs and RNA-seq 
        To analyse the expression characters of ROS gene families, the EST numbers were retrieved 
from EST libraries and RNA sequencing. The whole set of annotated proteins have been analysed 
for their expression data thanks to the alignment (tBlastN) against the EST libraries of the four 
organisms available from NCBI while the EST data of Arabidopsis are obtained from The 
Arabidopsis Information Resource (TAIR)  (www.arabidopsis.org). The tBlastN program was 
executed by BioEdit version 7.2  (Tippmann 2004). To analyse the relationship between gene 
duplication and gene expression profiles, the RNA-seq data of ROS genes in Eucalyptus grandis 
have been visualised and analysed in this study. The RNA-seq data was analysed and visualised 
with Expander version 6 (Ulitsky et al.  2010). From the EST and RNA-seq data we calculated the 
average EST or RNA numbers of each family in the 5 organism and defined the expression level of 
each family in each organism with a formula: average numbers of ESTs of a family / total EST 
numbers of ROS network. 
Analysis of Evolutionary Rate and Divergence Time 
        The Coding DNA Sequences (CDS) for the Ka and Ks analysis were chosen from the complete 
and partial sequences. The sequences containing undetermined nucleotide acids and the missed 
parts (5’ end, 3’ end or gap) were not considered. The consensus parts of the CDS sequences are 
used for the analysis with software DNAsp 5.0 (Rozas and Rozas 1995). The tree was produced by 
Beast v1.8.0 (Drummond and Rambaut 2007) with the chimeric CDS sequences, annotated with 
TreeAnnotator v1.8.0 and finally visualized with FigTree v1.4.0.  
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Concluding Remarks  
         
        In this study we annotated and compared the ROS genes in four Eucalyptus species with a 
comprehensive process which contains automatic annotation, manual correction and 
comparative genomics based deep data mining and annotation by experimental detection. This 
process is useful for the gene annotation which can reduce the errors produced by automatic 
method and can obtain the data more exhaustively. The ROS gene network is composed of 11 
families with different features of conservation, duplication and expression. During the process 
of evolution gene gain and gene loss occurred between the species. The size Eucalyptus’s ROS 
superfamily is much larger compared with some other later diverging because of the gene 
duplications during the evolution process especially in CIII Prx family. Based on the comparison, E. 
gunnii displayed fewer ROS genes than the other organisms. The pairwise analysis of ROS genes 
provide the difference between every two organisms and give rise to a method potential for the 
selection of candidate gene for next functional research. The families of ROS possess different 
expression levels in each organism but similar profiles among Eucalyptus species and the 
duplicated genes possess different expression profiles. 
        The divergence of the four species occurred from 0.15 MYA to 1.27 MYA. After the 
divergence of Eucalyptus species most sequences have been maintained by the negative 
selection in the evolutionary process despite speciation to keep the main characters of 
Eucalyptus. Our results will help better understand the genetic differences between closely 
related species, and stimulate additional studies on the mechanisms that underlie speciation and 
biodiversification.   
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Tables 
 
Table 1 ROS gene numbers of four Eucalyptus species annotated from various database sources and 
from experimental detection performed in this study. 
 
Families 
E. camaldulensis E. globulus E. grandis E. gunnii 
From Databases* From PCR From Databases From PCR From Databases From PCR From Databases 
From 
PCR 
1CysPrx 3 (2+0+1) 1 (0+1+0) 4 (0+4+0) 0 3 (1+2+0) 0 3 (1+2+0) 1 (0+0+1) 
2CysPrx 1 (0+1+0) 0 1 (0+1+0) 0 1 (1+0+0) 0 1 (1+0+0) 0 
APx 10 (3+6+1) 0 10 (6+1+3) 1 (0+0+1) 11 (7+0+4) 0 10 (7+1+2) 0 
Apx-R 2 (1+0+1) 0 1 (1+0+0) 0 2 (1+0+1) 0 2 (1+0+1) 0 
CIII Prx 170 (85+57+28) 17 (0+13+4) 188 (96+52+40) 3 (0+3+0) 181 (115+19+47) 10 (2+7+1) 162 (100+21+41) 
18 
(0+15+3) 
DiOx 1 (1+0+0) 0 1 (1+0+0) 0 1 (1+0+0) 0 1 (1+0+0) 0 
GPx 11 (3+6+2) 0 10 (5+4+1) 0 9 (9+0+0) 1 (0+0+1) 8 (7+1+0) 1 (0+1+0) 
Kat 12 (1+6+5) 2 (0+1+1) 13 (2+4+7) 1 (0+1+0) 12 (4+3+5) 2 (0+1+1) 12 (3+3+6) 2 (0+2+0) 
PrxII 3 (2+1+0) 0 3 (1+2+0) 0 3 (2+1+0) 0 3 (2+1+0) 0 
PrxQ 2 (1+0+1) 0 1 (0+1+0) 1 (0+0+1) 1 (1+0+0) 1 (0+0+1) 2 (1+0+1) 0 
Rboh 7 (3+4+0) 0 7 (4+3+0) 0 6 (6+0+0) 0 7 (6+1+0) 0 
Total 222 (101+82+39) 20 (0+15+5) 239 (116+72+51) 6 (0+4+2) 230 (148+25+57) 14 (2+8+4) 211 (130+30+51) 
22 
(0+18+4) 
Coverage 
of 
Genomic 
Data 
91.74% 97.55% 94.26% 90.56% 
 
*: The data from the four Eucalyptus species were obtained after the annotation of available genomic and 
EST data. The detail of total number found per organism and per family is written in bracket: including the 
numbers of complete, partial sequences and theoretical translation or pseudogenes detected. The 
coverage of genomic data corresponds to formula: 
Genomic coverage = Number of genes from database / Total number of genes from database and PCR 
detection. 
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Table 2 Isoform numbers found in the genomes of 8 organisms. 
 
Multigenic 
families 
A. thaliana 
E. 
camaldulensis 
E. globulus E. grandis E. gunnii M.truncatula P. trichocarpa  
V. 
vinifera   
1CysPrx 1 (0) 4 (1) 4 (0) 3 (0) 4 (1) 1 (0) 1 (0) 2 (1) 
2CysPrx 2 (0) 1 (0) 1 (0) 1 (0) 1 (0) 2 (0) 2 (0) 1 (0) 
APx 8 (1) 11 (1) 11 (4) 11 (4) 10 (2) 8 (1) 10 (1) 9 (2) 
APx-R 1 (0) 2 (1) 1 (0) 2 (1) 2 (1) 1 (0) 1 (0) 1 (0) 
CIII Prx 75 (2) 187 (32) 191 (40) 191 (48) 180 (44) 106 (8) 101 (12) 97 (10) 
DiOx 2 (0) 1 (0) 1 (0) 1 (0) 1 (0) 2 (0) 2 (0) 3 (0) 
GPx 8 (0) 11 (2) 10 (1) 10 (1) 9 (0) 7 (0) 8 (2) 5 (0) 
Kat 3 (0) 14 (6) 14 (7) 14 (6) 14 (6) 1 (0) 4 (1) 2 (0) 
PrxII 6 (1) 2 (0) 3 (0) 3 (0) 3 (0) 4 (0) 5 (1) 4 (0) 
PrxQ 1 (0) 2 (1) 2 (1) 2 (1) 2 (1) 1 (0) 2 (0) 1 (0) 
Rboh 10 (0) 7 (0) 7 (0) 6 (0) 7 (0) 10 (0) 10 (0) 9 (0) 
Total 117 (4) 242 (44) 245 (53) 244 (61) 233 (55) 143 (9) 146 (17) 134 (13) 
 
The data from the four Eucalyptus species were obtained from the annotation and the PCR detection 
performed in this study while the data of A. thaliana, V. vinifera (Grape), P. trichocarpa and M. truncatula 
were directly retrieved from Peroxibase (Fawal et al.  2012a). The number of theoretical translation or 
pseudogenes is notified in brackets. Each value consists of genes from genomic data, EST data, 
experimental detection and other source. Based on the sufficient of the genomic and EST data, the values 
of A. thaliana and M. truncatula should able to represent the actual gene numbers even though there are 
no experimental detection by PCR instrument in this study. 
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Figures 
 
Fig. 1 Phylogenetic relationship of the ROS proteins from E. grandis.  
The alignment was conducted with all the annotated complete protein sequences of ROS gene using 
MAFFT and the phylogenetic tree was constructed using Neighbor joining  instrument with Poisson model 
by Mega 6 (Tamura et al.  2011). The 11 families are indicated by color triangles on the right with the gene 
number of each family or sub-family used in this analysis written in bracket. The size of the triangle and 
the gene number enclosed in the group are to scale. The scale at the bottom represents the substitution 
rate. 
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Fig. 2 Genomic localization of the ROS gene families from E. grandis.  
All the predicted ROS genes annotated from the genomic program including complete sequences, partial 
sequences and pseudogenes which can be located on the 11 chromosome are presented. This synthetic 
chromosomal localization is displayed by MapChart 2.1. New sequences obtained from cloning strategies 
are not localized. Different colors represent different families. (I) E. grandis specific genes compared to E. 
camaldulensis. (II) E. grandis specific genes compared to E. globulus. (III) E. grandis specific genes 
compared to E. gunnii. (IV) E. grandis specific genes compared to E. camaldulensis, E. globulus and E. 
gunnii. (V) E. grandis specific genes compared to E. camaldulensis and E. gunnii. (VI) E. grandis specific 
genes compared to E. globulus and E. gunnii. The genes on small scaffolds are visualized on ‘chromosome’ 
X. The newly found genes without position information are visualized on ‘chromosome’ XX. The 
concentration and the % of ROS genes on each chromosome (1-11) are written above the chart without 
the consideration of genes on ‘chromosome’ X and ‘chromosome’ XX. The concentration is calculated as 
formula: gene number / size of the chromosome.  
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Fig. 3 Evolutionary changes of the ROS gene numbers. 
A: CIII Prx family. B: The other 10 families. The numbers in rectangles represent the common gene 
numbers of species. The species name together with the gene number is written on each branch. The 
number of pseudogenes was enclosed in bracket. The plus (+) signs indicate the numbers of genes gained 
since divergence.  
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Fig. 4 Venn diagrams of the ROS genes in the four Eucalyptus species. 
The Venn diagram shows the numbers of peroxidases gene shared between the four Eucalyptus speceies: 
E. gunnii, E. camaldulensis, E. grandis and E. globulus. A: Venn diagram of CIII Prx family. B: Venn diagram 
of other 10 ROS gene families. The total gene numbers of each organism which are represented by the 
ovals were written on the left of each specific name with the numbers of pseudogenes enclosed in 
brackets. The area of every intersection region and the gene number are not to the scale.  
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Fig. 5 Genomic localization of a large duplicated CIII Prx genes cluster on chromosome 1.  
The sizes of genes and segments are to the scale. The start and stop positions of the duplicated segments 
were written on the top and the bottom of the segments. The colorful regions represent the CIII Prxs in 
the segments on chromosome 1 and the gene orientations were shown with the arrows on the left and 
right. The sizes of genes and intervals are noted on the side of each sequence with the numbers of 
undetermined nucleotide acids in brackets. The homologous genes were displayed with the same color on 
the two duplicated segments. [P]: the gene has been annotated as pseudogene. *: there are 
undetermined nucleotide acids (NNN…) in the DNA sequences. The visualization of the chromosomal 
localization was built by Mapchart 2.1. 
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Fig. 6 Phylogenetic relationships and the hypothetical evolutionary histories of the E. grandis CIII Prx 
genes on two duplicated segments of chromosome 1. 
A: the phylogenetic tree of the 16 genes. Genes were given different colors according to the colors in Fig. 
3. The bootstrap was written on the tree before the nodes. The alignment was performed by MAFFT and 
the tree was visualized by Mega 6. The alignment of feature motif was visualized on the right of the tree. 
B: the schematic diagram of the evolutionary histories of the 16 genes. The putative tandem duplication 
process was visualized in the red rectangle while the segmental duplication process in green rectangle. 
Genes shown with black rectangles (named a to d) represent the ancestors of some CIII genes appeared in 
the evolutionary process. The ancestor marked with asterisks mean the alternative localization of the 
ancestral gene named with the same letter. The dotted arrow (gray) in B shows the reversing process of 
gene segment while the gray arrow represents the genomic insertion event. The cycled letter T with 
following numbers in the phylogenetic tree and schematic diagram represents the tandem duplication 
events. The order of gene births (gene Prx01-16) was displayed on the lower left corner of figure B. In 
figure B, all the gene sizes are not up to the scale. 
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Fig. 7 The expression levels of ROS gene families in the four Eucalyptus species and A. thaliana. 
The expression level was calculated as formula: Average EST (or RNA-seq) numbers of each family / Total 
EST (or RNA-seq) number of ROS in the organism. The EST data were obtained from EST library of NCBI.  
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Fig. 8 Divergence time tree of the four Eucalyptus species. 
For each organism the chimeric gene of 49 ROS genes was used in this study. The divergence time 
between Arabidopsis and Eucalyptus is 112 million years ago (MYA) (Hedges et al.  2006). The divergence 
time between Eucalyptus species was written beside the nodes.  
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Fig. 9 Workflow of the comprehensive annotation process of the Eucalyptus ROS genes in four 
Eucalyptus species.  
The comprehensive annotation started from the obtaining of data to the storage in a database consists of 
automatic annotation, manual annotation and experimental detection as a complimentary annotation. 
The experimental detection for the missed sequences would just be possible when the relationship of the 
target organisms is very close. (1) The query data for this BlastP is the Protein sequence set of P. 
trichocarpa. (2) The PeroxiBase II is an assistant database of PeroxiBase which is used for keeping some 
private temporary data during the annotation process. (3) The Scipio program takes the manually 
annotated protein sequences as the query. (4) The data finally stored in PeroxiBase contain protein, DNA, 
CDS sequences and the Gene structure information for most of the records. For the genes of E. grandis 
there is also chromosomal position included. (5) The query for the BlastP similarity search is the protein 
set of E. grandis. (6) Mapping program takes the DNA set of E. grandis and E. camaldulensis as the query 
to obtain the peroxidase DNA sequences of E. globulus. (7) The protein set containing peroxidases of E. 
grandis, E. camaldulensis and E. globulus is taken to be the query for the Scipio to obtain the peroxidase 
data. (8) PCR was performed for the “missed” genes among the organisms.  
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Supporting Information 
 
Fig. S1 Phylogenetic presentation (uncompressed) of all the ROS genes in E. grandis. 
The alignment was conducted with X complete protein sequences of ROS gene using MAFFT and the 
phylogenetic tree was constructed using Neighbor joining instrument with Poisson model by Mega 6. The 
11 families are indicated by different colors. 
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Fig. S2 Gene gain and loss during the evolutionary process. 
Evolutionary changes of the number of ROS genes are shown in this figure. A: Class III Prx family. B: The 
other 10 families. The Number in rectangles together with the species name represents the isoform 
numbers in each organism respectively. The plus (+) and minus (–) signs indicate the numbers of genes 
gained and lost since speciation. The number of pseudogenes was enclosed in bracket. Take the link 
between E. globulus and E. grandis for an example: In E. globulus there are 9 Prx genes (6 pseudogenes 
included) containing no orthologous genes in E. grandis while in the mean while E. globulus lacks the 
orthologous genes of 9 Prx genes (2 pseudogenes included) in E. grandis. 
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Fig. S3 Heat map of the expression of the ROS genes from E. grandis in seven different tissues 
determined by RNA-seq.  
Each line represents a gene and each column represents a tissue. Mature leaves, young leaves, shoot tips, 
phloem, immature xylem, flowers and root have been sampled and tested. The chromosome of each gene 
is written after the map. 
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Table S1 Corresponding gene by gene between the four Eucalyptus species and A. thaliana. 
The corresponding gene by gene between the four species annotated from the genomic sequencing data 
and PCR detection is listed in this table. The gene gain and loss of the four organisms are shown. The gene 
name and gene status of each gene are displayed. The missed orthologous are marked in both black and 
yellow. The yellow blocks also represent the newly found genes with PCR instrument. *: genes used for 
evolutionary rate and divergence time analysis. The gene-by-gene relationship was identified based on 
Blast. The data for the 4 Eucalyptus species are annotated from database (Phytozome, Kazusa, EST 
database and experimental detection) while the data of A. thaliana are from PeroxiBase.   
 
Table S2 List of ROS genes in E. camaldulensis. 
The PeroxiBase ID, gene name, Kazusa nomenclatures, family, gene status, quality of annotation, intron 
number and the EST number are displayed. Ok: the sequence is correctly annotated; bad prediction: the 
sequence is badly predicted. Partial 3’/5’: Only 3’/5’ end has been annotated; PS: Partial sequence without 
both 3' and 5' ends; No annotation: no annotation has been found from Kazusa; *: genes detected by PCR 
instrument but missed in genomic and EST data; nd: not detected. The isoforms were annotated from 
sources below: genomic sequence project, EST database, experimental detection. 
 
Table S3 List of ROS genes in E. globulus. 
The PeroxiBase ID, gene name, family, gene status, intron number and the EST number are displayed.*: 
genes detected by PCR instrument but missed in genomic and EST data; nd: not detected. The isoforms 
were annotated from sources below: genomic sequence project, EST database, experimental detection. 
 
Table S4 List of ROS genes in E. grandis. 
The new proposed nomenclatures, sub-class memberships, PeroxiBase ID,  gene status, old and new 
Phytozome nomenclatures, scaffold localisation (start and stop codons), scaffold, intron number, quality 
of the annotation by Phytozome and the EST number are displayed. Ok: the sequence is correctly 
annotated; bad prediction: the sequence is badly predicted. Partial 3’/5’: Only 3’/5’ end has been 
annotated; No annotation: no annotation has been found from Phytozome; PS: Partial sequence without 
both 3' and 5' ends; *: genes detected by PCR instrument but missed in genomic and EST data; nd: not 
detected. The isoforms were annotated from sources below: genomic sequence project, EST database, 
experimental detection. 
 
Table S5 List of ROS genes in E. gunnii. 
The PeroxiBase ID, gene status, intron number and the number of ESTs are displayed. *: genes detected 
by PCR instrument but missed in genomic and EST data. The isoforms were annotated from sources below: 
genomic sequence project, EST database, experimental detection. 
 
Table S6 The distribution and concentration of ROS gene on the chromosomes. 
The isoform number of each family on each chromosome are displayed. The concentration is calculated as 
formula: gene number / size of the chromosome. The ROS % of each chromosome is calculated as formula: 
total ROS gene number on a chromsome / total ROS number on the 11 chromomes. 
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Table S7 List of ROS genes in A. thaliana. 
The perox ID, gene name and the No. of ESTs for each gene were listed. The EST data is obtained from 
database TAIR (The Arabidopsis Information Resource). 
 
Table S8 The RNA-seq data of ROS network in E. grandis.  
The numbers of RNA sequences were listed. Each line represents a gene and each column represents a 
tissue. Mature leaves, young leaves, shoot tips, phloem, immature xylem, flowers and root have been 
sampled and tested. 
 
Table S9 The EST number of each family in some organisms. 
The EST numbers and the family sizes were listed. *: the data is obtained from RNA-seq of E. grandis with 
the automatic annotated sequences as the query. As the same the family sizes (gene No. of the family) 
were subjected to the automatic annotated sequences. 
 
Table S10 The evolutionary rate (Ka/Ks) of genes of Class III Prx and small families. 
The Ka/Ks value of each gene was listed and the average values were also calculated for Class III Prx and 
other families. 
 
Table S11 List of the primers used in the exploration of the “Missed” genes. 
The missed sequences of the genomic sequence project are filled with black while the sequences used for 
primer design are filled with yellow. The primers are named according to the sequences used for 
designing. 
 
Note: the supplementary tables can be accessed by the link below:   
https://onedrive.live.com/redir?resid=9CB1B2403E1E6886!47248&authkey=!ADwPBf_wR417Mhk&ithi
nt=file%2c.xlsx 
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Chapter V CIII Peroxidases in Green algae Provide 
Insights into the Evolutionary Study of this Gene Family 
in Green Lineage 
        CIII peroxidases can be detected in both later diverged and some green algae. Along with the 
availability of genomic sequencing projects of some green lineages from earlier diverged to later 
diverged and the expansion of EST libraries, the expert annotation of peroxidase genes has 
become possible. And then the evolutionary process of this mutagenic family including gene 
number, gene structure together with the enzymatic activity assay can be globally studied to 
reveal the adaptability and variety of green plants.  
        The study was started with the genomic sequencing of green algae Spirogyra which is a 
member of the Chrophyceae green alga diverged very early. This genome was sequenced with 
Illumina HiSeq and MiSeq instruments. Paper “CIII Peroxidases in Green Algae Provide Insights 
into the Evolutionary Study of this Gene Family in Green Lineage” described the enzymatic 
activity assays, the gene numbers and gene structures in series of green plants. In the meanwhile, 
the theoretical structural evolutionary models were proposed such as the intron gain/loss 
patterns, the featured Cysteine residues and the characteristic motifs. 
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Abstract 
 
        Class III peroxidases (CIII Prxs, EC 1.11.1.7) which play important roles in the oxidation-
reduction reactions have been detected in both later diverged and some green algae. Along with 
the availability of genomic sequencing projects of some green lineages from basal to later 
diverged and the expansion of EST libraries, the expert annotation of peroxidase genes has 
become possible. Interestingly, the enzymatic activity assay of basal plants and in later diverged 
shows that the activities of CIII Prx in basal plants are three orders of magnitude lower than CIII 
Prx in later diverged. The annotation shows that in later diverged there are more CIII Prxs while in 
basal plants there are much fewer or no gene detected. In consideration that the data of some 
basal plants are collected from EST libraries which mean the gene numbers can not represent the 
actual numbers in the genomes, a genomic sequencing become necessary. From the structural 
analysis CIII Prx gene structural divergence were observed within species and between species. 
And Spirogyra has one C III Prx gene with the ancestral structure of 5 introns and 6 exons. We 
also propose a novel model for the intron gain and loss mechanisms which indicate that the IntC 
has gone through and is going on an intron-loss process while intron-gain process for IntR. About 
other features of the structural evolution, a hypothesis of Cys-increase mechanism and sub-
families of monocotyledons and dicotyledons featured with special motifs are proposed. In sum 
our research raises novel insights into the evolution of Class III Prxs which should provide 
instruction or candidate genes for the further functional study.  
Key words: Class III Peroxidase, ancestral genes, exon-intron structure, Spirogyra 
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Introduction 
 
        Oxygen is essential for most living organisms and can generate reactive oxygen species (ROS) 
which is necessary but also very toxic to the cells. Organisms possess ROS gene network to 
regulate ROS homeostasis (Mittler et al.  2004). Among this network, peroxidases which are 
members of large family of enzymes catalyze the oxidation-reduction reaction using hydrogen 
peroxide (H2O2) as acceptor of electrons and various substrates as donor. Ascorbate peroxidases 
(APx, EC 1.11.1.11) and Class III peroxidases (CIII Prx, EC 1.11.1.7) families which are known to 
participate in many different processes belong to the so-called non-animal peroxidase 
superfamily. The CIII Prxs also called plant secreted peroxidases participate in auxin metabolism, 
cell wall elongation, stiffening and protection against pathogens (Hiraga et al.  2001b; Passardi et 
al.  2004a). However, the precise role in vivo of a single peroxidase has not yet been found, 
mainly because of the wide range of peroxidase substrates and the probable functional 
redundancy of some of these proteins. CIII Prxs have been detected in both later diverged and 
some green algae which predate land colonization but are absent from Chlorophyte algae (Mathé 
et al.  2010; Passardi et al.  2007a). Some later diverged such as Arabidosis thaliana (Tognolli et al.  
2002), Populus trichocarpa (Mathé et al.  2010), Oryza sativa (Passardi et al.  2004a) contained 
higher copy numbers . The explosion of CIII Prxs isoform number from basal plants (green algae) 
to later diverged (land plants) could make them typical marker genes for the evolutionary event 
of the landing process of plants and the emergence and function of CIII Prxs. The family was 
subjected to numerous recent duplications leading to a large increase in peroxidase copy 
numbers from the probable first non-aquatic organisms (Bryophyte). So there is thought to be a 
plant (green algae) which possesses only 1 CIII Prx gene and is related to the emergence of land 
plants. 
        Gene duplication events play important roles in organism evolution. Indeed, new paralogs 
may  diverge in regulatory regions leading to the shifts in expression pattern while the divergence 
in coding regions can result in acquisition of new functions (Xu et al.  2012). Intronic sequences 
are required by various processes such as alternative splicing, translation efficiency and contain 
regulatory sequences, encoding other genes or noncoding RNAs (Fawcett et al.  2012). Lots of 
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intron gain and loss events have been identified and analysed (Fawcett et al.  2012; Roy and 
Gilbert 2006; Wilkerson et al.  2009a; Xu et al.  2012). The intron gain is the process through 
which a piece of exotic nucleotide sequence is inserted into an exon and causes exon fission, 
whereas intron loss refers to the deletion of an existing intron and the fusion of two neighboring 
exons (Xu et al.  2012). On the mechanism of intron loss, there are two main models which 
indicate the inaccurate genomic deletion model may add or delete a small number of nucleotides 
from the flanking exons during the loss of introns and the accurate mRNA-mediated model will 
not change the positions of remaining introns and the exons (Llopart et al.  2002; Mourier and 
Jeffares 2003; Zhang et al.  2010). About the intron gain mechanism, multiple models have been 
proposed such as exogenous DNA insertion (Li et al.  2009), transportable element insertion 
(Rodríguez-Trelles et al.  2006; Yenerall and Zhou 2012). Even though there is no progress in 
distinguishing different models, most of them support the insight that the intron insertion occurs 
randomly with very low frequency. The mutation of coding regions will lead to neofunctional or 
nonfunctional consequences especially on the regions of crucial motifs or some key amino acids 
which are important to the activities and structural stabilities. Hence the divergence of the 
coding region may lead to divergence of species.  
        The generic term of green alga include Chlorophyceae (green algae sensus stricto) and 
Charophyceae which lead to the emergence of the Embryophyceae. Mostly microscopic and 
rarely more than a meter in greatest dimension, the green algae make up for their lack in size 
with diversity of growth habit and ﬁne details of their cellular architecture (Lewis and McCourt 
2004). The so-called green algae are the most diverse group of algae, with more than 7000 
species that are able to perform photosynthesis growing in a variety of habitats. Due to the low 
evolutionary level, some ancestral features of gene structures and the protein sequences may be 
obtained and used for the evolutionary analysis which will provide insights into the functional 
studies and the genetically modifications.  
        To reveal the emergence and analyse their evolution in green plant lineage, the CIII Prxs 
together with some other multi-families were annotated from the available genomic data and 
the EST data available from very basal plants to later diverged plants. To obtain the number of 
CIII Prx sequences in basal plants and to expect the identification of a more ancestral sequence 
genomic sequencing of Spirogyra were performed.  
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Results and Discussion 
 
In Later Diverged, the CIII Prx Activities are much Higher Compared to the Basal Plants 
        The specific activities of CIII Prxs and APxs have been analysed in different species 
representative of the different types of plants from basal plants to later diverged plants. 
Significant variation of APx activities can be observed between species probably due to the organ 
variability, but they are in the same order of magnitude between the different tested organisms 
(from 1 to 3 X 10-2, fig. 1). About CIII Prx activities the differences between basal plants (K. 
flaccidum, S. pratensis and C. orbicularis) and later diverged are significant (P = 0.01) and the 
range of values is very high (from 0.01 to 5 X 10-2). From the bar chart, we can see between some 
later diverged the activities are also significant differences possibly due to a certain variability of 
plants ages. The activities of different-aged A. thaliana were significantly different (data not 
shown) but the difference didn’t exceed the magnitude. Then it appeared that activities of CIII 
Prxs are increasing all along the green plants evolution while no significant difference of APx 
between basal and later diverged. The explosion of CIII Prx activities which can be correlated with 
the explosion of the gene copy number, are thought to be related to the increase of the oxygen 
concentration in the living environment during the long journey of life.  
Features of CIII Genes and Proteins in Basal Plants 
        In order to confirm the increase of gene number from basal to later diverged, Spirogyra sp. 
genome sequencing was performed with MiSeq technology. The raw data are assembled with 
Soapdenovo v2.04 and the summarized results were listed in supplementary table S1 
(Supplementary Material online). From the assembly of Spirogyra sp. 1 CIII Prx gene and 5 APxs 
were detected. All of these 6 genes are complete from genomic data which indicates that the 
HiSeq sequencing and assembly have good quality which is the base of exhaustive gene detection. 
With these genes to screen the MiSeq assembly file and only short segments and no new 
sequence have been obtained which can confirm that we have almost obtained all the genes of 
the two families but the MiSeq sequencing and assembly were not sufficient. Similarly, we did 
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gene search from an assembly of K. flaccidum genomic data and finally 1 partial CIII Prx and also 
5 complete APx were retrieved.  
        The CIII Prx from Spirogyra sp. encodes a 37.35 kDa protein with 334 amino acids and a 
regular 3-D structure with 11 a-helix (supplementary fig. S1, Supplementary Material online). Any 
predicted signal peptide C-terminal extension can be detected with various prediction programs 
(SignalP 4.1 (Petersen et al.  2011), PrediSi (Menne et al.  2000), Signal-3L (Shen and Chou 2007) 
and SOSUIsignal (Hirokawa et al.  1998)) (figure 2). The theoretical pI is 9.58. The gene contains 
structure with the 3 classical introns and two extra ones in 5’ and 3’ which differs from the 
majority of CIII Prx genes in other plants studied. In this protein only 6 Cystein (C) residues, used 
for the formation of disulfide bond (C2 and C3 which surround the distal histidine are missing) 
were detected which is different from the 8 Cys residues forming 4 disulfide bonds usually found.  
Later Diverged Plants Possess more CIII Prx Genes Compared to Basal Plants  
        The number of CIII Prx genes has largely increase along the green lineages (from 0 to 191, Fig. 
3). The later diverged contain more CIII Prxs than basal plants due to recent tandem (TD), 
segmental duplications (SD) and whole genome duplication (WGD). For example, Brachypodium 
distachyon and A. thaliana contain 138 and 75 CIII Prx genes respectively. While C. orbicularis, a 
relatively basal viriplantae, contains few CIII Prxs (5 sequences have been detected) and 
Chlorophyceae such as Volvox carteri and Chlamydomonas reinhardtii, contain no CIII gene. 
Based on the absence of CIII Prx in Chlorophyceae and the existence in Charophyceae, CIII Prx 
gene family appeared after the divergence between Charophyceae and Chlorophyceae. From 
basal to higher viriplantae, the numbers of CIII Prx isoform and the activities largely increased 
and can be correlated (fig. 1 and 3).  
        Although no direct evidence has yet demonstrated the roles in later diverged of the recent 
duplicated genes, the explosion of CIII Prx isoform numbers may be related to organ 
diversification, climatic changes, colonization of new biotopes, the constant appearance of new 
pathogens and more recently to human impact on the cultivated plants (Passardi et al.  2004a).  
Structural Divergence were Widespread in CIII Prx Multigenic Family  
        Genomic analysis has demonstrated that CIII Prxs are highly conserved between species but 
subjected to numerous duplication events in land plants. The analysis of the intron numbers and 
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positions has shown divergences during the evolutionary process leading to a large variety of 
gene structure patterns (table 1). The mechanism of the gene structure evolution is mainly due 
to the intron loss and gain which have been commonly observed in multigenic families (Boudet et 
al.  2001; Rogozin et al.  2005; Zhu and Niu 2013).  
        CIII Prx sequences contain typically 3 introns detected in highly conserved regions. The first 
one is located between the motifs ‘FHDC’ and ‘GCDAS’ (Int1), the second between the motifs 
‘SCADIL’ and ‘GGP’ (Int2) and the third between motifs ‘DALVALS’ and ‘HTIG’ (Int3) (fig. 2). These 
3 introns have been considered as the classical intron structure (IntC) of CIII Prxs (Mathé et al.  
2010; Passardi et al.  2004a; Tognolli et al.  2002). Some gain of introns located on different and 
non-conserved positions can be observed. Extra atypical introns have been detected at the 5’ 
side of Int1, at the 3’ side of Int3, between Int1 and Int3 but different position of Int2. These 3 
types of introns have named Int5’, Int3’, IntP (proximal introns) and have been generally named 
IntR based on the rarity of them.  
        The structure of gene SsPrx01 (6 exons and 5 introns) is different from any other sequences 
of green lineage. It contains the usual 3 introns with extra introns in 5' and 3'. This structure 
includes the highest intron number (5) among the genes analysed in this study. The partial 
sequences and the pseudogenes which resulted from sequencing errors or incorrect assembly 
have not been included for the gene structure analysis. So the intron distribution among the 
different gene structural patterns of CIII Prxs might be marginally modified. 
        The structural patterns are named according to the introns included (IntC + IntR), for 
example, pattern 123 means the genes within this pattern contain Int1, 2 and 3; pattern 13+5’ 
represents the genes contain Int1, 3 and Int5’; pattern 0 represents the genes without any 
introns. In this study 959 CIII Prx genes have been analysed from 11 representative organisms of 
different plant groups (table 1). 19 different intron/exon patterns have been identified which can 
be divided into 4 groups: 7 patterns containing at least one of the classical introns (Pattern C), 2 
patterns with only atypical introns (Pattern R), 1 pattern with no intron (Pattern 0) and 9 patterns 
with at least one typical and one atypical introns (Pattern C+R).  
The CIII Prx Families of Monocotyledons and Dicotyledons Possesses Different Structural 
Characters 
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        390 of 959 CIII Prx genes from representative organisms contain the classical intron/exon 
structure (Pattern 123) with the 3 conserved classical introns (40.7%). The intron distribution of 
CIII Prx is different between monocotyledons and dicotyledons (table 1, fig. 4). Indeed in 
monocotyledons, the percentage of Int1 is the most abundant with a proportion (Intron numbers) 
of 47.8% compared to the other introns. In dicotyledons of the proportion of Int1 was not 
significantly different 33.86% (fig. 4A) to Int2 (36.03%) and Int3 (28.94%). This observation can be 
correlated with the fact that the pattern 123 is majority in dicotyledons. It should be noticed that 
in P. trichocarpa, Int2 is highly represented (38.39%) but not the Int1 as other organisms (fig. 4). 
We propose that in hundreds of thousand years’ evolution from the same ancestor, both 
monocotyledons and dicotyledons possess a relatively balanced structural feature between 
species which can indicate the stabilities of the 5 introns.  
        Considering of the statistics of the intron numbers there are also very different features can 
be drawn within monocotyledons and dicotyledons (fig. 4B). Most of CIII Prx genes in 
dicotyledons possess 3 introns (64.51%). However, in monocotyledons there is a numerical 
similarity between the genes with 1, 2 and 3 introns (33.89%, 30.01% and 26.89% respectively) 
which make up to 90.79% in total.  
        According to the sizes of introns, the average sizes (441 bp) of monocot introns (range of 
intron sizes: 35 - 15990 bp) are much larger than the sizes in dicot introns (230 bp, range: 66 - 
4038 bp) and in the rest organisms (128 bp, range: 45 – 2465 bp) (supplementary table S2, 
Supplementary Material online). The average intron number of monocotyledons (1.75) is lower 
than dicotyledons (2.55) and the average intron number of the 11 organisms in this study (2.08) 
(table 1).  
        Different scenarios of gene structure can be imagined from an ancestral CIII Prx sequence 
containing the 3 main introns. Successive loss of 1, 2 or 3 introns lead to the reduction of intron 
number mainly observed in monocotyledon. Marginal intron gains can be detected for the 
Pattern 123 (10 genes, 1.04%) followed by the loss of intron 1 (1 gene 0.1%), intron 2 (3 genes, 
0.31%), intron 3 (24 genes, 2.5%). 2 genes with only IntR can be detected (0.21%). We have no 
clue about precise chronological order for the various gain and lost events. 
The Classical Introns of CIII Prxs have Gone through with Gene Loss Events 
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        The intron/exon patterns are mainly conserved within the duplicated genes, but without 
conservation of the intron sequences and sizes. Then, some phylogenetic groups consisting of 
almost intron-rich genes and a few intron-rare genes have been detected in some organisms. For 
example, the subgroup IV.3 of O. sativa with 10 duplicated isoforms including 8 pattern 123 
genes and 2 pattern 12 genes (Passardi et al.  2004a). This widely observed situation shows that 
the intron-rich gene can only generate the intron-rare genes supporting the hypothesis of a 
natural intron deletion process already described for catalase gene evolution (Frugoli et al.  1998). 
Considering the position of the introns, all the Int1, 2 and 3 introns have strictly fixed locations 
and high frequency (97.98%) (fig. 5). So we proposed a hypothesis that the CIII Prx gene structure 
evolutionary mechanism from the pattern 123 should be intron loss based on the genomic 
deletion and mRNA-mediation. The intron deletions occur randomly on the three introns but 
whichever intron was deleted, the positions of the remaining introns would be never changed. 
The mRNA-mediated intron loss assumes that the introns are lost in gene conversion or crossover 
recombination between genomic DNA and cDNA molecules that are reverse transcribed from the 
end of the fully spliced mRNA (Derr et al.  1991). Likewise, the mRNA-mediation can only lead to 
the intron loss without any change on the remaining intron positions. The former mechanism is 
an inaccurate mechanism of intron loss which may add some extra nucleotides to the exon or 
may give rise to a deletion of nucleotides from the exon during the loss of intron. Compared to 
genomic deletion, mRNA-mediation is an accurate mechanism of intron loss. Among the 959 
genes studied in this paper, 559 of them lost in total 920 introns of which includes 490 without 
Int3 (53.3%), 302 without Int2 (32.8%), 128 without Int1 (13.9%) and 208 of the 559 genes lost 
adjacent introns (Int1 and 2, Int2 and 3, Int1, 2 and 3) which supports the features of mRNA-
medicated intron loss model that introns at the 3’ part of the genes would be preferentially lost 
and logically the adjacent introns may be lost simultaneously.  
The Rare Introns of CIII Prxs have Gone through with Gene Gain Events 
        The rare introns (Int5’, Int3’ and IntP) show a low proportion (2.02%) in CIII Prx family 
coming from the eleven organisms studied. Interestingly, there is no gene found with 5 introns 
except the SsPrx01 and most of the special types of introns are located on different positions 
which introduce a diversity of the type of genes (table 1 and fig. 5). 40 sequences containing IntR 
can be divided in to 17 patterns based on the different positions of Int5’, 3’ or IntP. In the 11 
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organisms 7 different Int5’ positions and 10 Int3’ positions have been identified which were 
named Int5’_01 to 07 and Int3’_01 to 10 (fig. 5 and supplementary fig. S2, Supplementary 
Material online). The novel intron positions detected in the future can be named following this 
strategy.  
        Int5’ or 3’ on the same position can be found in either the same organism or different 
organisms. For example, A. thaliana, Cucumis sativus and P. trichocarpa contain genes (AtPrx21, 
CsaPrx82 and PtPrx08) with Int5’ (Int5’_04) on the same position while S. bicolor contains genes 
(SbPrx60, SbPrx61, SbPrx115 and SbPrx116) with Int3’ (Int3’_07) on the same position. These 
introns located on the same position should come from tandem duplications or whole genome 
duplication (WGD) after the intron gain events. On the contrary, some organisms contain genes 
with different Int5’ or 3’, such as Selaginella moellendorffii that possess different Int5’ in genes 
SmPrx22 (Int5’_03), SmPrx28 (Int5’_02) and SmPrx52 (Int5’_05). These introns might originate 
from different intron gain events. A hypothesis that the emergency and evolutionary mechanisms 
of Int5’ and Int3’ are the intron gain but the intron loss can be proposed based on the position 
uncertainty and the low frequency of IntR. During the evolutionary process, introns without 
regulatory elements are lost to increase the efficiency of transcription and translation while new 
introns are gained to introduce new regulators perhaps. It should be a mechanism to adapt to 
the environment.  
The Model of Emergence and Evolution of the Gene Structures of CIII Prxs in Green Lineage 
        From the features of intron numbers and localisatons in green lineages a novel model of the 
gene structures of CIII Prxs was drawn to describe the intron/exon structural emergence and 
evolution (fig. 6). The CIII Prxs originated from green algae which contain organisms with or 
without CIII Prx. The ancestral CIII Prx genes contained the 3 classical introns (Int1, 2 and 3). 
Spirogyra gained randomly Int5’ and Int3’ and possessed the 5-intron structure while on the main 
branch of land plant organisms still contained 3 introns and gained novel introns on their own 
branches. Pattern 1+3’_07 emerged before the divergence between B. distachyon, Zea mays, 
Sorghum bicolor and O. sativa while pattern 123+5’_04 occurred before the divergence of A. 
thaliana, P. trichocarpa and Cucumis sativus (supplementary fig. S2, Supplementary Material 
online). It should be noticed that the two patterns are existing respectively in monocotyledons 
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and dicotyledons which emerged after the divergences of monocotyledons and dicotyledons and 
were spreading independently. Similarly after the divergence of monocotyledons and 
dicotyledons, these two classes possessed rarely different structural features.  
        Strangely, the features of genes in earlier diverged land plants (such as S. moellendorffii and 
P. patens in this study) are much more similar to the genes of dicotyledons (fig. 4) than the genes 
of monocotyledons according to the patterns, the gene numbers, the intron numbers and sizes. 
Monocotyledons possess Int1-majored structural patterns, low average intron number, explosion 
of CIII Prx genes and larger average intron size (441 bp) than dicotyledons (230 bp) and earlier 
diverged plants (128 bp) (supplementary table S2, Supplementary Material online) which are 
different from dicotyledons and earlier diverged land plants. Based on this phenomenon we 
suppose that there is a particular or an obviously accelerated process of structural evolution 
(almost gene loss of IntC, and the size variation) within monocotyledons. In other word there was 
stronger or more efficient selection which might result in a higher intron loss rate during the 
evolutionary process of monocotyledon.  
More Insights into the Structural and Functional Evolution of CIII Prxs 
        CIII peroxidases are featured by eight conserved Cysteine residues (C1-C8) that are necessary 
for disulfide bond formation (fig. 2). CIII Prx genes lacking Cys residues can be found in both basal 
and later diverged (supplementary table S3, Supplementary Material online). No genes lacking 
more than 2 disulfide bonds have been identified in this study and the frequency of lacking Cys 
are very low (4.28%). No data is the influence of the lack of disulfide bonds to the protein 
stability and the activities. But we assume that the thermo stability should be decreased with the 
lack of disulfide bonds. We also identified the C2 and C3 lacked in other green algae such as C. 
globosum and S. pratensis. According to the lack of Cys residues, we also propose an evolutionary 
hypothesis for the disulfide-bond structural evolution of CIII Prxs. We assume that the ancestral 
CIII Prx gene contained no Cys residues. Earlier in the green plant lineage and prior the evolution 
and the explosion of CIII Prx genes, CIII Prx genes with Cys residues appeared. It could result of 
activity and stability needs. Since, CIII Prxs lacking Cys residues are low frequency, isoforms 
lacking more than 2 disulfide bonds disappeared. This hypothesis was supported by Passardi’s 
research (Passardi et al.  2004a) which showed us the CIII Prx gene should emergence from Class I 
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Prx that contains no Cys residue. This hypothesis can logically explain why there are rarely genes 
without Cys residues in this gene family and there are no genes lacking 3 or all residues.  
        Based on the alignments and the weblogo analysis of the CIII Prx family, a type of 
dicotyledon-specific motif and a type of monocotyledon-specific motif were identified. In some 
CIII Prxs of monocotyledons, the highly conserved motif “FHD” necessary for the heam bind is 
replaced by “SV/LD” while in some genes of dicotyledons it’s replaced by “YS/A/TDC” 
(supplementary fig. S3, Supplementary Material online). Interestingly, almost every organism 
contains the special motif even though the gene numbers are low. This type of motif (lacking 
residue “H”) was not detected in other organisms (P. taeda, S. moellendorffii, P. patens, M. 
polymorpha and green algae) which indicated that the two special types of genes were appeared 
after monocotyledons and dicotyledons separation and evolved within the Classes. On the 
phylogenetic (data not shown), these two types of CIII Prxs are located within independent 
groups suggesting the neo-functionalization or non-functionalization. This type of genes might 
have potential functions and should become good candidates for a further functional research by 
overexpression, genetic modification and gene silencing.  
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Materials and Methods 
 
Total Protein Extraction and Enzyme Assays of APxs and CIII Prxs 
        To find out the difference between basal plants and higher plans the activities of APxs and 
CIII Prxs were detected: Green alga K. flaccidum, S. pratensis, C. orbicularis and land plans 
Marchantia polymorpha, Physcomitrella patens, Selaginella moellendorffii, Gingko, 
Brachypodium distachyon, A. thaliana, E. grandis. For the test the whole seedlings except kingo 
(mature leaves) were used in this study.  
        Approximately 100 mg fresh material was crushed into fine powder with a mortar and pestle 
under liquid nitrogen. To extract proteins for guaiacol activity detection 200 µl extraction buffer 
containing potassium phosphate buffer (pH 7.0, 50 mM/L), EDTA (5 mM/L), PVPP (16 g/L) was 
used for the total protein extraction. For APx activity, ASA (2 mM/L) was added to the extraction 
buffer of CIII Prxs. The homogenate was centrifuged at 10, 000 g for 10 min at 4°C and the 
supernatant was used for enzyme assays.  
        CIII Prx activity was assayed in 1 ml reaction mixture consisting of potassium phosphate 
buffer (50 mM/L, pH 6.0), 0.125% guaiacol (v/v) and 20 µL enzyme extract. The reaction was 
initiated by adding 125 µL H2O2 (11 mM/L), and the oxidation of guaiacol was determined based 
on the increase in A470. One CIII Prx unit is defined as the increase between 1 min and 2 min of 1 
µg total proteins under the above assay conditions (Jia et al.  2013b). 
        APx activity was determined by observing the decrease in A290 for 1 min in 1 ml reaction 
mixture containing potassium phosphate buffer (pH 7.0, 50 mM/L), ASA (0.5 mM/L), H2O2  
(0.1mM/L) and 20 µl enzyme extract. The reaction was initiated with the adding of enzyme 
extract. A correction was made for the low, non-enzymatic oxidation of ascorbate by H2O2 
(Nakano et al.  1981). The APx unit is defined as the decrease in 1 min of 1 µg total proteins 
under the above assay conditions. The concentration of the total proteins which was used in the 
calculation of enzyme activity was detected using Coomassie (Bradford) Protein Assay. 
Genome DNA Preparation, Genomic Sequence, Data Evaluation and Assembly 
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        Spirogyra sp. (AU1) was chosen for the genomic sequence. The genomic DNA was extracted 
with CTAB method from fresh materials cultivated in liquid 3N-BBM+V medium and kept shaking 
at 25 °C with a speed of 60 rpm.  
        The genomic sequence was launched with Illumina HiSeq sequencer and MiSeq sequencer 
which have ultra-high output and speed. Before loading the genomic DNA on the sequencer, 
dsDNA shearing, gDNA tagmentation, clean-up, limited-cycle PCR, and size selection were 
performed to make a size-specific DNA library compatible with Illumina sequencers. The sizes of 
insertions of HiSeq and MiSeq methods are respectively 502 bp and 426 bp.  
        The raw data from high-throughput sequencing should be evaluated before the assembly. 
Quality control tool Fastqc version 0.10.1 was used in this study for the evaluation of HiSeq 
outcome. Key items: Quality, GC%, N content, Per base content, Length distribution, Duplication 
level, Kmer profiles and Overrepresented sequences were checked and evaluated.  
        The assembly process was performed with SOAPdenovo version 2.04 (Luo et al.  2012) 
following Flash (fast length adjustment of short reads) (Magoč and Salzberg 2011). In the 
perimeter screen we set the max length of reads 101 bp, the average insertion size 502 bp and 
kept others as default and for the MiSeq data 251 bp and 426 bp were set respectively. Different 
K mer values were tried to obtain the best assembly.  
Identification and Annotation of CIII Prx Genes of a Series of Green Plant Lineages 
        To obtain the numbers and sequences of CIII peroxidases of a series of green lineages 
including basal plants and later diverged, annotation and literature search were performed. A. 
thaliana, P.trichocarpa, C. sativus, Ricinus communis, B. distachyon, Z. mays, S. bicolor, O. sativa, 
Pinus taeda, S. moellendorffii, P. patens, Marchantia polymorpha, C. orbicularis, Spirogyra sp, S. 
pratensis, K. flaccidum, Chlorokybus atmosphyticus, V. carteri and C. reinhardtii were mentioned 
and annotated in this research. PeroxiBase (http://peroxibase.toulouse.inra.fr/) (Fawal et al.  
2013), phytozome v9.1 (http://www.phytozome.net/), NCBI EST libraries, genomic sequencing 
programs and literatures were the original data sources. All the annotated peroxidase sequences 
were included in PeroxiBase.  
        To retrieve the peroxidase genes of Spirogyra sp. (AU1) from the genomic data, a Scipio 
(Keller et al.  2008) process was performed with the protein set of peroxidases from S. pratensis 
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and K. flaccidum (obtained from EST libraries) as the query. And then retrieve the corresponding 
scaffold sequences from the assembly data to do the annotation manually in assistance of tools 
FGENESH+ (Solovyev et al.  2006) and Augustus (Hoff and Stanke 2013), Expasy translate tool 
(http://web.expasy.org/translate/) and Blast in PeroxiBase. The sequences (DNA, CDS, proteins, 
structures) found in Spirogyra sp. were submitted to PeroxiBase. The isoforms of Spirogyra sp. 
detected from HiSeq assembled data were used to check the MiSeq assembly data to retrieve the 
genes exhaustively which is very important to the hypothesis and conclusion.  
Feature Detection of CIII Prxs of some Basal Plants 
        By genomic sequencing we got the complete DNA, CDS, protein sequences of CIII Prx gene in 
Spirogyra sp. The genetic structure and the Three-dimensional protein structure were built. The 
3D-structure was predicted by Phyre V2.0 (Kelley and Sternberg 2009). The isoelectric point (pI) 
and Molecular weight (Mw) were also computed by Expasy Compute pI/Mw tool 
(http://web.expasy.org/compute_pi/) and the signal peptide was predicted with some Signal 
Peptide prediction tools (see results).  
Identification of the Intronic Structures of a Series of Green Plant Lineages 
        The intronic structures of CIII Prxs in A. thaliana, P. trichocarpa, Cucucmis sativus, R. 
communis, B. distachyon, Z. mays, S. bicolor, O. sativa, S. moellendorffii, P. patens and Spirogyra 
sp. which contained the exon-intron information were visualized with program CIWOG and GEGA 
(Fawal et al.  2012a). The DNA sequences and the intron/exon information were obtained with 
Scipio.  
Subcellular Localization of CIII Prx Protein SsPrx01 
        The full-length ORF frame of SsPrx01 (without stop codon) was fused in frame at the N-
terminus and C-terminus with the tagRFP in to the pCAMBIA1302 vector under the control of 
CaMV35S promoter. The constructs were introduced into tobacco cells. After 16h incubation, the 
transfected protoplasts were examined for green florescence signals using a Leica TCS SP2 laser 
scanning confocal microscope. Images were obtained with a 40x 1.25 numerical aperture water-
immersion objective.   
 
CHAPTER    V                           Peroxidases in Green Algae Provide Insights into the Evolutionary Study … … 
 
168 
 
 
Concluding Remarks 
         
        In this study we propose the evolutionary features of the CIII Prx family in green lineage 
based on the availabilities of genomic or protein sequences including basal plants and later 
diverged. There is an explosion of gene numbers due to the explosive duplication events in later 
diverged which make the size of CIII family not conserved. Similarly, the later diverged possess 
much higher CIII activities compared to the basal plants. The gene structures of CIII Prx genes in 
Basal plants also provide insights into the intron/exon evolution. Structural divergence occurred 
widely in this multigenic family which introduced different structural characters between 
monocotyledons and dicotyledons. We also propose a novel model for the intron gain and loss 
mechanisms which indicate that the IntC has gone through and is going on an intron-loss process 
while intron-gain process for IntR. Due to the comparative analysis of the gene features of 
monocotyledons, dicotyledons and other organisms, we suppose that there is a particular or an 
obviously accelerated process of structural evolution within class of monocotyledons which was 
out of the main status and of structural evolution. About other features of the structural 
evolution, a hypothesis of Cys-increase mechanism and sub-families of monocotyledons and 
dicotyledons are proposed. In sum our research raises novel insights into the evolution of CIII 
Prxs which should provide instruction or candidate genes for the further functional study.  
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Tables 
 
Table 1. The widespread intron/exon structural models of CIII Prxs and gene numbers of each model in 
series of green lineages.  
 
Structural Patterns 
Intron 
NO. 
Structure At Pt Csa Rco Bdi Os Sb Zm Sm Ppa Ss Total 
Pattern C 
P 123 3  49 57 34 40 25 41 39 39 47 19 0 390 
P 12 2  8 19 16 7 32 24 29 26 24 15 0 200 
P 13 2  1 1 1 0 4 1 3 3 4 7 0 25 
P 23 2  4 1 4 2 4 6 4 5 1 4 0 35 
P 1 1  3 2 4 4 45 47 36 35 1 2 0 179 
P 2 1  0 0 1 0 5 4 5 0 3 3 0 21 
P 3 1  0 0 0 0 3 0 2 0 0 0 0 5 
Pattern R 
P 5' 1  0 0 0 0 0 0 1 0 0 0 0 1 
P 3' 1  0 0 0 0 0 0 0 1 0 0 0 1 
Pattern 
C+R 
P 123+5' 4  1 1 1 0 0 0 0 0 2 0 0 5 
P 13+5' 3  0 0 0 0 0 0 0 0 1 0 0 1 
P 1+5' 2  0 0 0 0 0 1 0 0 0 0 0 1 
P 123+3' 4  0 3 0 0 0 0 0 0 1 0 0 4 
P 13+3' 3  0 0 0 0 1 1 0 0 0 0 0 2 
P 23+3' 3  0 0 0 0 0 0 0 0 0 1 0 1 
P 1+3' 2  2 0 0 0 5 5 5 4 0 0 0 21 
P 123+5'+3' 5 
 
0 0 0 0 0 0 0 0 0 0 1 1 
P 1+p 2  0 0 0 0 1 1 0 0 0 0 0 2 
Pattern 0 P 0 0  5 3 3 2 14 11 13 12 0 1 0 64 
Total 73 87 64 55 139 142 137 125 84 52 1 959 
Mean intron NO. 
2.5 2.7 2.4 2.6 1.6 1.8 1.8 1.8 2.6 2.3 5 0 
2.55 1.75 2.47 2.08 
 
Only complete sequences with genomic data were used for this analysis. The grey boxes represent exons, 
and lines introns. The sizes of introns and exons are not to the scale. At: A. thaliana; Pt: P. trichocarpa; Cs: 
C. sativus; Rco: R. communis; Bdi: B. distachyon; Zm: Z. mays; Sb:  S. bicolor; Os: O. sativa; Sm: S. 
moellendorffii; Ppa: P. patens; Ss: Spirogyra sp. 
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Figures 
 
Fig. 1 APx and CIII Prx activities detected in various green plants.  
APx and CIII Prx activities are expressed per total mg of protein and correspond to the mean of three 
technical and two biological replicates. Significant difference was marked with lower case “a” to “e”. At 
the top of each bar (P<0.01 means differences were significant).  
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Fig. 2 The sequence and structure of CIII Prx SsPrx01.  
The position of the 5 introns are marked with down arrows. The Cys residues are marked and numbered 
as C1, C4 to C8. The C residues with the same colour form a disulfide bond (DB): C1 and C4 (red) form DB1; 
C5 and C8 (blue) form DB3; C6 and C7 (yellow) form DB4. The positions with green stars on top (residue A 
and residue V) represent the positions of C2 and C3 which form DB2 in the proteins containing 8 Cys 
residues.  
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Fig. 3 The numbers of CIII Prxs and APxs detected in series of green lineages.  
Genomic: genes are annotated from genomic data. ESTs: no genomic data available, the genes are 
annotated from EST library; CIII Prx: Class III peroxidase; APx: ascorbate peroxidases. 
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Fig. 4 The structural features of CIII Prx in green lineages.  
(A) Frequency of each intron (Int5’, Int1, Int2, Int3 and Int3’). (B) Frequency of each intron numerous type 
(types with 0 to 5 introns). 
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Fig. 5 Various intron/exon structures of CIII Prxs. 
The names of intron patterns are noted on the right of each gene illustration and the intron types are 
written on the top. * represents IntP.  
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Fig. 6 A model of emergence and evolution of the gene structures of CIII Prxs in green Lineage.  
The divergence time are obtained from literatures (Passardi et al.  2004a; Wikström et al.  2001). The 
branches are not to the scale. The green box represents the green algae in which there are CIII Prx plants, 
Non-CIII plants. The black spot represents the Ancestor of Plants Containing CIII Prx. The intron gains of 
each organism are marked on the branches while the intron gains of groups are marked with arrows in 
green. The main evolutionary branch in red represents the evolution (mostly intron loss) of IntC. AT: A. 
thaliana; PT: P. trichocarpa; CS: C. sativus; RC: R. communis; BDI: B. distachyon; ZM: Z. mays; SB: S. bicolor; 
OS: O. sativa; SM: S. moellendorffii; PPA: P. patens. 
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Supporting Information 
 
Fig. S1 The 3D-structure of SsPrx01.  
11 regular a-helixes are shown. The prediction of the 3D-structure was performed with web program 
Phyre V2.0.  
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Fig. S2 The diversity of Int5’, Int3’ and IntP of CIII Prxs in green lineages.  
The names of intron patterns are noted on the right of each gene illustration. This illustration was 
constructed with GEGA program. The intron colour is extracted from CIWOG, where common introns are 
represented with the same colour while the exons are in black and gaps in grey. Exons are up to scale 
while introns are of a fixed size. The exon length is shown in black below the respective exon, and in red 
for introns.  
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Fig. S3 Weblogo of some CIII Prx sequences around the “FHD” motif.  
FHDC: analysed with 50 paralogs of AtPrx01; YSDC: analysed with 50 paralogs of AtPrx26; SVDC: analysed 
with 7 paralogs of OsPrx95; ALL: all sequences of the three groups. The alignments were performed using 
Mafft. The illustration was performed by weblogo program (http://weblogo.berkeley.edu/logo.cgi). 
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Table S1 Summary of Spirogyra genomic dataset assemblies. 
 
Table S2 The lengths of introns in series of green lineages.  
AT: A. thaliana; PT: P. trichocarpa; CS: C. sativus; RC: R. communis; BDI: B. distachyon; ZM: Z. mays; SB: S. 
bicolor; OS: O. sativa; SM: S. moellendorffii; PPA: P. patens; SS: Spirogyra sp.; Dicots including AT, PT CS 
and RC; Monocots include BDI, ZM, SB and OS; Others include PPA, SM and SS.   
 
Table S3 List of CIII Prxs lacking Cys residue (s).   
The C residues with the same colour form a disulfide bond. The “missing” Cys residues are filled with 
yellow. 
 
Note: the supplementary tables can be accessed by the link below:   
https://onedrive.live.com/redir?resid=9CB1B2403E1E6886!47249&authkey=!AEopKpv6E-
gp9sY&ithint=file%2c.xlsx
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General Conclusions and Future Work 
        This PhD work allowed reviewing the annotation procedures available, with a focus on 
multigene families, improving database for special gene families in order to enhance the quality 
of such annotations and analysing the evolution of several multigene families. In this work, the 
evolution of CIII peroxidases was analysed following three strategies: 1) the duplication features 
in one organism (E. grandis). 2) The comparative analysis of peroxidases in four close related 
organisms (E. camaldulensis, E. globulus, E. grandis and E. gunnii). 3) The comparative analysis 
(enzymatic activity and gene structure) of a series of green plants (from green algae to later 
diverged plants).  
        Although the quality of the annotations of new genomes is improved, the percentage of 
incorrect or missing annotations remains high. For most of the families annotated, the number of 
proteins extracted from the predicted proteome contained several theoretical alternative 
transcripts of the same gene, partial sequences and did not contain the whole number of 
isoforms. The more duplication detected in a family, the higher is the automatic annotation bias. 
Therefore, it appears essential that the set of proteins used for the analysis should be exhaustive 
and of high quality for a phylogenetic analysis. The protocol used, which combined automatic 
(with Scipio) and expert annotation, allows reducing the number of mis-predictions and 
increasing the coverage of the annotation. From E. grandis many recent tandem duplications 
leading to the emergence of specific gene cluster species and the explosion of the gene number, 
have been observed for the AP2, GRAS, LEA, PIN and CIII Prx in E. grandis, while, the APx, the 
AUX/LAX and DNAj are conserved between species. Although no direct evidence has yet 
demonstrated the roles of these recent duplicated genes observed in E. grandis, this could 
indicate their putative implications in the morphological and physiological characteristics of E. 
grandis. This could be the key factor for the survival of these species. Global analysis of key 
families would be a good criterion to evaluate the capabilities of some organisms to adapt to 
environmental variations. 
        To annotate genes from several closely related organisms together which allowed gene pair-
to-pair comparation and experimental detection can efficiently improve the annotation quality. 
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In this study we annotated and compared the ROS genes in four Eucalyptus species with a 
comprehensive process which contains automatic annotation, manual correction and 
comparative genomics based deep mining and annotation by experiments. This process is useful 
for gene annotation and can reduce the errors produced by automatic methods and can obtain 
data more exhaustively. The ROS gene network is composed of 11 families with different features 
of conservation, duplication and expression. During the process of evolution gene gain and gene 
loss occurred between the species. The size Eucalyptus’s ROS superfamily are larger compared 
with some other later diverging because of the gene duplications during the evolution process 
especially in CIII Prx family. Based on the comparison, E. gunnii displayed fewer ROS genes than 
the other organisms. The pairwise analysis of ROS genes provide the difference between every 
two organisms and give rise to a method potential for the selection of candidate gene for next 
functional research. The families of ROS possess different expression levels in each organism but 
similar profiles among Eucalyptus species and the duplicated genes possess different expression 
profiles. The divergence of the four species occurred from 0.15 MYA to 1.27 MYA. After the 
divergence of Eucalyptus species most sequences have been maintained by negative selection in 
the evolutionary process despite speciation to keep the main characters of Eucalyptus. Our 
results will help better understand the genetic differences between closely related species, and 
stimulate additional studies on the mechanisms that underlie speciation and biodiversification.  
        In this study we propose the evolutionary features of the CIII Prx family in green lineage 
based on the availabilities of genomic or protein sequences including basal plants and later 
diverged. There is an explosion of gene numbers due to the explosive duplication events in later 
diverged which make the size of CIII family not conserved. Similarly, the later diverged possess 
much higher CIII activities compared to the basal plants. The gene structures of CIII Prx genes in 
Basal plants also provide insights into the intron/exon evolution. Structural divergence occurred 
widely in this multigenic family which introduced different structural characters between 
monocotyledons and dicotyledons. We also propose a novel model for the intron gain and loss 
mechanisms which indicate that the IntC has gone through and is going on an intron-loss process 
while intron-gain process for IntR. Due to the comparative analysis of the gene features of 
monocotyledons, dicotyledons and other organisms, we suppose that there is a particular or an 
obviously accelerated process of structural evolution within class of monocotyledons which was 
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out of the main status and of structural evolution. About other features of the structural 
evolution, a hypothesis of Cys-increase mechanism and sub-families (with feature motifs) of 
monocotyledons and dicotyledons are proposed. In sum our research raises novel insights into 
the evolution of CIII Prxs which should provide instruction or candidate genes for the further 
functional study.  
        For my prospective studies, I will work on the definition of the sub-families of 
monocotyledons and dicotyledons. The activity characters of monocotyledon specific sub-family 
should be tested with O. sativa as the object. And then the silence and the overexpression will be 
performed to analyze the function of this sub-family. If necessary the cross expression in 
dicotyledons (A. thaliana) would be give some interesting results. Of course, the functions of 
dicotyledon specific sub-family will be studied with similar strategy.  
        In Spirogyra, we detected one CIII peroxidases which can be considered as the ancestor of 
CIII gene family in plant with 5 introns. This peroxidase would contain some different functions to 
later diverged plants. So next, I would like to overexpress this CIII Prx isoform in monocotyledons 
(O. sativa) and dicotyledons (A. thaliana) respectively.  
        Based on the results of the comparative analysis between the four Eucalyptus species, some 
organism specific genes can be also potential candidates for the functional research.  
        Along with the availabilities of new data sources and new tools the quality of gene 
annotation will be continually improved and efficient and fast annotation strategies will be 
proposed. I will go on increasing data to PeroxiBase and improving the quality of existing records.  
  
 
 
 
 
 
 
 
 
 
General References 
  
                                                                                                                                                                                              General References 
186 
 
General References  
Abascal F, Zardoya R, Posada D. 2005. ProtTest: selection of best-fit models of protein evolution. Bioinformatics 
21(9):2104-5. 
Ahn J, Nowell S, McCann SE, Yu J, Carter L, Lang NP, Kadlubar FF, Ratnasinghe LD, Ambrosone CB. 2006. Associations 
between catalase phenotype and genotype: modification by epidemiologic factors. Cancer Epidemiol 
Biomarkers Prev 15(6):1217-22. 
Al-Dous EK, George B, Al-Mahmoud ME, Al-Jaber MY, Wang H, Salameh YM, Al-Azwani EK, Chaluvadi S, Pontaroli AC, 
DeBarry J et al. . 2011. De novo genome sequencing and comparative genomics of date palm (Phoenix 
dactylifera). Nat Biotechnol 29(6):521-7. 
Anisimova M, Gascuel O. 2006. Approximate likelihood-ratio test for branches: A fast, accurate, and powerful 
alternative. Syst Biol 55(4):539-52. 
Armisen D, Lecharny A, Aubourg S. 2008. Unique genes in plants: specificities and conserved features throughout 
evolution. BMC Evolutionary Biology 8. 
Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, de Castro E, Duvaud S, Flegel V, Fortier A, Gasteiger E et al. . 
2012. ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res 40(Web Server issue):W597-603. 
Asada K. 1999. THE WATER-WATER CYCLE IN CHLOROPLASTS: Scavenging of Active Oxygens and Dissipation of Excess 
Photons. Annu Rev Plant Physiol Plant Mol Biol 50:601-639. 
Bartoli CG, Pastori GM, Foyer CH. 2000. Ascorbate biosynthesis in mitochondria is linked to the electron transport 
chain between complexes III and IV. Plant Physiol 123(1):335-44. 
Bennetzen JL, Schmutz J, Wang H, Percifield R, Hawkins J, Pontaroli AC, Estep M, Feng L, Vaughn JN, Grimwood J et 
al. . 2012. Reference genome sequence of the model plant Setaria. Nat Biotechnol 30(6):555-61. 
Benson D, Boguski M, Lipman D, Ostell J. 1990. The National Center for Biotechnology Information. Genomics 
6(2):389-91. 
Benson DA, Cavanaugh M, Clark K, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW. 2013. GenBank. Nucleic Acids 
Res 41(Database issue):D36-42. 
Biehler K, Fock H. 1996. Evidence for the Contribution of the Mehler-Peroxidase Reaction in Dissipating Excess 
Electrons in Drought-Stressed Wheat. Plant Physiol 112(1):265-272. 
Blanc G, Duncan G, Agarkova I, Borodovsky M, Gurnon J, Kuo A, Lindquist E, Lucas S, Pangilinan J, Polle J et al. . 2010. 
The Chlorella variabilis NC64A genome reveals adaptation to photosymbiosis, coevolution with viruses, and 
cryptic sex. Plant Cell 22(9):2943-55. 
Blekhman R, Oshlack A, Gilad Y. 2009. Segmental duplications contribute to gene expression differences between 
humans and chimpanzees. Genetics 182(2):627-30. 
Blokhina O, Fagerstedt KV. 2010. Reactive oxygen species and nitric oxide in plant mitochondria: origin and 
redundant regulatory systems. Physiol Plant 138(4):447-62. 
Bolle C. 2004. The role of GRAS proteins in plant signal transduction and development. Planta 218(5):683-92. 
Bombarely A, Rosli HG, Vrebalov J, Moffett P, Mueller LA, Martin GB. 2012. A draft genome sequence of Nicotiana 
benthamiana to enhance molecular plant-microbe biology research. Mol Plant Microbe Interact 
25(12):1523-30. 
Boudet N, Aubourg S, Toffano-Nioche C, Kreis M, Lecharny A. 2001. Evolution of intron/exon structure of DEAD 
helicase family genes in Arabidopsis, Caenorhabditis, and Drosophila. Genome Res 11(12):2101-14. 
                                                                                                                                                                                              General References 
187 
 
Brenchley R, Spannagl M, Pfeifer M, Barker GL, D'Amore R, Allen AM, McKenzie N, Kramer M, Kerhornou A, Bolser D 
et al. . 2012. Analysis of the bread wheat genome using whole-genome shotgun sequencing. Nature 
491(7426):705-10. 
Bright J, Desikan R, Hancock JT, Weir IS, Neill SJ. 2006. ABA-induced NO generation and stomatal closure in 
Arabidopsis are dependent on H2O2 synthesis. Plant J 45(1):113-22. 
Chan AP, Crabtree J, Zhao Q, Lorenzi H, Orvis J, Puiu D, Melake-Berhan A, Jones KM, Redman J, Chen G et al. . 2010. 
Draft genome sequence of the oilseed species Ricinus communis. Nat Biotechnol 28(9):951-6. 
Cheetham ME, Caplan AJ. 1998. Structure, function and evolution of DnaJ: conservation and adaptation of 
chaperone function. Cell Stress Chaperones 3(1):28-36. 
Chelikani P, Fita I, Loewen PC. 2004. Diversity of structures and properties among catalases. Cell Mol Life Sci 
61(2):192-208. 
Chen FC, Chen CJ, Li WH, Chuang TJ. 2010a. Gene family size conservation is a good indicator of evolutionary rates. 
Mol Biol Evol 27(8):1750-8. 
Chen J, Huang Q, Gao D, Wang J, Lang Y, Liu T, Li B, Bai Z, Luis Goicoechea J, Liang C et al. . 2013. Whole-genome 
sequencing of Oryza brachyantha reveals mechanisms underlying Oryza genome evolution. Nat Commun 
4:1595. 
Chen KM, Holmström M, Raksajit W, Suorsa M, Piippo M, Aro EM. 2010b. Small chloroplast-targeted DnaJ proteins 
are involved in optimization of photosynthetic reactions in Arabidopsis thaliana. BMC Plant Biol 10:43. 
Chevenet F, Brun C, Banuls AL, Jacq B, Christen R. 2006a. TreeDyn: towards dynamic graphics and annotations for 
analyses of trees. BMC Bioinformatics 7. 
Chevenet F, Brun C, Bañuls AL, Jacq B, Christen R. 2006b. TreeDyn: towards dynamic graphics and annotations for 
analyses of trees. BMC Bioinformatics 7:439. 
Claiborne A, Yeh JI, Mallett TC, Luba J, Crane EJ, Charrier V, Parsonage D. 1999. Protein-sulfenic acids: diverse roles 
for an unlikely player in enzyme catalysis and redox regulation. Biochemistry 38(47):15407-16. 
Consortium TG. 2012. The tomato genome sequence provides insights into fleshy fruit evolution. Nature 
485(7400):635-41. 
D'Hont A, Denoeud F, Aury JM, Baurens FC, Carreel F, Garsmeur O, Noel B, Bocs S, Droc G, Rouard M et al. . 2012. 
The banana (Musa acuminata) genome and the evolution of monocotyledonous plants. Nature 
488(7410):213-7. 
Dassanayake M, Oh DH, Haas JS, Hernandez A, Hong H, Ali S, Yun DJ, Bressan RA, Zhu JK, Bohnert HJ et al. . 2011. The 
genome of the extremophile crucifer Thellungiella parvula. Nat Genet 43(9):913-8. 
Davey MW, Gudimella R, Harikrishna JA, Sin LW, Khalid N, Keulemans J. 2013. "A draft Musa balbisiana genome 
sequence for molecular genetics in polyploid, inter- and intra-specific Musa hybrids". BMC Genomics 
14:683. 
De Pinto C. 2004. Childhood obesity: a review of causes, prevention, and the role of the primary care provider. Md 
Med 5(3):9-11, 13-5. 
Demuth JP, Hahn MW. 2009. The life and death of gene families. Bioessays 31(1):29-39. 
Derr LK, Strathern JN, Garfinkel DJ. 1991. RNA-mediated recombination in S. cerevisiae. Cell 67(2):355-64. 
Doolittle RF, Feng DF, Tsang S, Cho G, Little E. 1996. Determining divergence times of the major kingdoms of living 
organisms with a protein clock. Science 271(5248):470-7. 
dos Reis M, Yang Z. 2011. Approximate likelihood calculation on a phylogeny for Bayesian estimation of divergence 
times. Mol Biol Evol 28(7):2161-72. 
Drummond AJ, Rambaut A. 2007. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol Biol 7:214. 
                                                                                                                                                                                              General References 
188 
 
Duarte JM, Cui L, Wall PK, Zhang Q, Zhang X, Leebens-Mack J, Ma H, Altman N, dePamphilis CW. 2006. Expression 
pattern shifts following duplication indicative of subfunctionalization and neofunctionalization in regulatory 
genes of Arabidopsis. Mol Biol Evol 23(2):469-78. 
Duzkale H, Shen J, McLaughlin H, Alfares A, Kelly MA, Pugh TJ, Funke BH, Rehm HL, Lebo MS. 2013. A systematic 
approach to assessing the clinical significance of genetic variants. Clin Genet 84(5):453-63. 
Easteal S, Herbert G. 1997. Molecular evidence from the nuclear genome for the time frame of human evolution. J 
Mol Evol 44 Suppl 1:S121-32. 
Eirín-López JM, Rebordinos L, Rooney AP, Rozas J. 2012. The birth-and-death evolution of multigene families 
revisited. Genome Dyn 7:170-96. 
Fawal N, Li Q, Mathé C, Dunand C. 2014. Automatic multigenic family annotation: risks and solutions. Trends in 
Genetics. p. 1-3. 
Fawal N, Li Q, Savelli B, Brette M, Passaia G, Fabre M, Mathé C, Dunand C. 2013. PeroxiBase: a database for large-
scale evolutionary analysis of peroxidases. Nucleic Acids Res 41(Database issue):D441-4. 
Fawal N, Savelli B, Dunand C, Mathé C. 2012a. GECA: a fast tool for gene evolution and conservation analysis in 
eukaryotic protein families. Bioinformatics 28(10):1398-9. 
Fawal N, Savelli B, Dunand C, Mathé C. 2012b. GECA: a fast tool for gene evolution and conservation analysis in 
eukaryotic protein families. Bioinformatics 28(10):1398-1399. 
Fawcett JA, Rouzé P, Van de Peer Y. 2012. Higher intron loss rate in Arabidopsis thaliana than A. lyrata is consistent 
with stronger selection for a smaller genome. Mol Biol Evol 29(2):849-59. 
Feng JX, Liu D, Pan Y, Gong W, Ma LG, Luo JC, Deng XW, Zhu YX. 2005. An annotation update via cDNA sequence 
analysis and comprehensive profiling of developmental, hormonal or environmental responsiveness of the 
Arabidopsis AP2/EREBP transcription factor gene family. Plant Mol Biol 59(6):853-68. 
Filipski E, Innominato PF, Wu M, Li XM, Iacobelli S, Xian LJ, Lévi F. 2005. Effects of light and food schedules on liver 
and tumor molecular clocks in mice. J Natl Cancer Inst 97(7):507-17. 
Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H, Torres MA, Linstead P, Costa S, Brownlee C, Jones JD et 
al. . 2003. Reactive oxygen species produced by NADPH oxidase regulate plant cell growth. Nature 
422(6930):442-6. 
Francoz E, Ranocha P, Nguyen-Kim H, Jamet E, Burlat V, Dunand C. 2014. Roles of cell wall peroxidases in plant 
development. Phytochemistry. 
Frazer KA, Chen X, Hinds DA, Pant PV, Patil N, Cox DR. 2003. Genomic DNA insertions and deletions occur frequently 
between humans and nonhuman primates. Genome Res 13(3):341-6. 
Freeling M. 2009. Bias in plant gene content following different sorts of duplication: tandem, whole-genome, 
segmental, or by transposition. Annu Rev Plant Biol 60:433-53. 
Frugoli JA, McPeek MA, Thomas TL, McClung CR. 1998. Intron loss and gain during evolution of the catalase gene 
family in angiosperms. Genetics 149(1):355-65. 
Fryer MJ. 1998. The possible role of nitric oxide and impaired mitochondrial function in ataxia due to severe vitamin 
E deficiency. Med Hypotheses 50(4):353-4. 
Garcia-Mas J, Benjak A, Sanseverino W, Bourgeois M, Mir G, González VM, Hénaff E, Câmara F, Cozzuto L, Lowy E et 
al. . 2012. The genome of melon (Cucumis melo L.). Proc Natl Acad Sci U S A 109(29):11872-7. 
Gascuel O. 1997. BIONJ: an improved version of the NJ algorithm based on a simple model of sequence data. Mol 
Biol Evol 14(7):685-95. 
Grada A, Weinbrecht K. 2013. Next-generation sequencing: methodology and application. J Invest Dermatol 
133(8):e11. 
                                                                                                                                                                                              General References 
189 
 
Grattapaglia D, Silva-Junior OB, Kirst M, de Lima BM, Faria DA, Pappas GJ. 2011. High-throughput SNP genotyping in 
the highly heterozygous genome of Eucalyptus: assay success, polymorphism and transferability across 
species. BMC Plant Biol 11:65. 
Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010. New algorithms and methods to 
estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst Biol 59(3):307-21. 
Han MV, Zmasek CM. 2009. phyloXML: XML for evolutionary biology and comparative genomics. BMC Bioinformatics 
10:356. 
Haudry A, Platts AE, Vello E, Hoen DR, Leclercq M, Williamson RJ, Forczek E, Joly-Lopez Z, Steffen JG, Hazzouri KM et 
al. . 2013. An atlas of over 90,000 conserved noncoding sequences provides insight into crucifer regulatory 
regions. Nat Genet 45(8):891-8. 
Hedges SB, Dudley J, Kumar S. 2006. TimeTree: a public knowledge-base of divergence times among organisms. 
Bioinformatics 22(23):2971-2. 
Hermsmeier D, Schittko U, Baldwin IT. 2001. Molecular interactions between the specialist herbivore Manduca sexta 
(Lepidoptera, Sphingidae) and its natural host Nicotiana attenuata. I. Large-scale changes in the 
accumulation of growth- and defense-related plant mRNAs. Plant Physiol 125(2):683-700. 
Heyno E, Mary V, Schopfer P, Krieger-Liszkay A. 2011. Oxygen activation at the plasma membrane: relation between 
superoxide and hydroxyl radical production by isolated membranes. Planta 234(1):35-45. 
Hiraga S, Sasaki K, Ito H, Ohashi Y, Matsui H. 2001a. A large family of class III plant peroxidases. Plant Cell Physiol 
42(5):462-468. 
Hiraga S, Sasaki K, Ito H, Ohashi Y, Matsui H. 2001b. A large family of class III plant peroxidases. Plant Cell Physiol 
42(5):462-8. 
Hirakawa H, Nakamura Y, Kaneko T, Isobe S, Sakai H, Kato T, Hibino T, Sasamoto S, Watanabe A, Yamada M et al. . 
2011. Survey of the genetic information carried in the genome of Eucalyptus camaldulensis. Plant 
Biotechnology. p. 471-480. 
Hirokawa T, Boon-Chieng S, Mitaku S. 1998. SOSUI: classification and secondary structure prediction system for 
membrane proteins. Bioinformatics 14(4):378-9. 
Hirsch S, Oldroyd GE. 2009. GRAS-domain transcription factors that regulate plant development. Plant Signal Behav 
4(8):698-700. 
Hoff KJ, Stanke M. 2013. WebAUGUSTUS--a web service for training AUGUSTUS and predicting genes in eukaryotes. 
Nucleic Acids Res 41(Web Server issue):W123-8. 
Hu TT, Pattyn P, Bakker EG, Cao J, Cheng JF, Clark RM, Fahlgren N, Fawcett JA, Grimwood J, Gundlach H et al. . 2011. 
The Arabidopsis lyrata genome sequence and the basis of rapid genome size change. Nat Genet 43(5):476-
81. 
Huang C, Li J, Ding M, Leonard SS, Wang L, Castranova V, Vallyathan V, Shi X. 2001. UV Induces phosphorylation of 
protein kinase B (Akt) at Ser-473 and Thr-308 in mouse epidermal Cl 41 cells through hydrogen peroxide. J 
Biol Chem 276(43):40234-40. 
Huang S, Li R, Zhang Z, Li L, Gu X, Fan W, Lucas WJ, Wang X, Xie B, Ni P et al. . 2009. The genome of the cucumber, 
Cucumis sativus L. Nat Genet 41(12):1275-81. 
Huminiecki L, Wolfe KH. 2004. Divergence of spatial gene expression profiles following species-specific gene 
duplications in human and mouse. Genome Res 14(10A):1870-9. 
Ingram J, Bartels D. 1996. THE MOLECULAR BASIS OF DEHYDRATION TOLERANCE IN PLANTS. Annu Rev Plant Physiol 
Plant Mol Biol 47:377-403. 
Initiative IB. 2010. Genome sequencing and analysis of the model grass Brachypodium distachyon. Nature 
463(7282):763-8. 
                                                                                                                                                                                              General References 
190 
 
Itoh H, Shimada A, Ueguchi-Tanaka M, Kamiya N, Hasegawa Y, Ashikari M, Matsuoka M. 2005. Overexpression of a 
GRAS protein lacking the DELLA domain confers altered gibberellin responses in rice. Plant J 44(4):669-79. 
Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N, Aubourg S, Vitulo N, Jubin C et al. . 2007. 
The grapevine genome sequence suggests ancestral hexaploidization in major angiosperm phyla. Nature 
449(7161):463-7. 
Jain M, Misra G, Patel RK, Priya P, Jhanwar S, Khan AW, Shah N, Singh VK, Garg R, Jeena G et al. . 2013. A draft 
genome sequence of the pulse crop chickpea (Cicer arietinum L.). Plant J 74(5):715-29. 
Jia J, Zhao S, Kong X, Li Y, Zhao G, He W, Appels R, Pfeifer M, Tao Y, Zhang X et al. . 2013a. Aegilops tauschii draft 
genome sequence reveals a gene repertoire for wheat adaptation. Nature 496(7443):91-5. 
Jia L, Xu W, Li W, Ye N, Liu R, Shi L, Bin Rahman AN, Fan M, Zhang J. 2013b. Class III peroxidases are activated in 
proanthocyanidin-deficient Arabidopsis thaliana seeds. Ann Bot 111(5):839-47. 
Jofuku KD, den Boer BG, Van Montagu M, Okamuro JK. 1994. Control of Arabidopsis flower and seed development 
by the homeotic gene APETALA2. Plant Cell 6(9):1211-25. 
Juan SH, Chen JJ, Chen CH, Lin H, Cheng CF, Liu JC, Hsieh MH, Chen YL, Chao HH, Chen TH et al. . 2004. 17beta-
estradiol inhibits cyclic strain-induced endothelin-1 gene expression within vascular endothelial cells. Am J 
Physiol Heart Circ Physiol 287(3):H1254-61. 
Keller O, Odronitz F, Stanke M, Kollmar M, Waack S. 2008. Scipio: using protein sequences to determine the precise 
exon/intron structures of genes and their orthologs in closely related species. BMC Bioinformatics 9:278. 
Kelley LA, Sternberg MJ. 2009. Protein structure prediction on the Web: a case study using the Phyre server. Nat 
Protoc 4(3):363-71. 
Kettler GC, Martiny AC, Huang K, Zucker J, Coleman ML, Rodrigue S, Chen F, Lapidus A, Ferriera S, Johnson J et al. . 
2007. Patterns and implications of gene gain and loss in the evolution of Prochlorococcus. PLoS Genet 
3(12):e231. 
Kingston-Smith AH, Harbinson J, Williams J, Foyer CH. 1997. Effect of Chilling on Carbon Assimilation, Enzyme 
Activation, and Photosynthetic Electron Transport in the Absence of Photoinhibition in Maize Leaves. Plant 
Physiol 114(3):1039-1046. 
Koeduka T, Matsui K, Hasegawa M, Akakabe Y, Kajiwara T. 2005. Rice fatty acid alpha-dioxygenase is induced by 
pathogen attack and heavy metal stress: activation through jasmonate signaling. J Plant Physiol 162(8):912-
20. 
Kosová K, Vítámvás P, Prášil IT, Renaut J. 2011. Plant proteome changes under abiotic stress--contribution of 
proteomics studies to understanding plant stress response. J Proteomics 74(8):1301-22. 
Koua D, Cerutti L, Falquet L, Sigrist CJ, Theiler G, Hulo N, Dunand C. 2009. PeroxiBase: a database with new tools for 
peroxidase family classification. Nucleic Acids Res 37(Database issue):D261-6. 
Kumar S, Hedges SB. 1998. A molecular timescale for vertebrate evolution. Nature 392(6679):917-20. 
Lai-Cheong JE, McGrath JA. 2011. Next-generation diagnostics for inherited skin disorders. J Invest Dermatol 
131(10):1971-3. 
Lata C, Prasad M. 2011. Role of DREBs in regulation of abiotic stress responses in plants. J Exp Bot 62(14):4731-48. 
Lazzarotto F, Teixeira FK, Rosa SB, Dunand C, Fernandes CL, Fontenele AeV, Silveira JA, Verli H, Margis R, Margis-
Pinheiro M. 2011. Ascorbate peroxidase-related (APx-R) is a new heme-containing protein functionally 
associated with ascorbate peroxidase but evolutionarily divergent. New Phytol 191(1):234-50. 
Le SQ, Gascuel O. 2008. An improved general amino acid replacement matrix. Mol Biol Evol 25(7):1307-20. 
Lee MH, Kim B, Song SK, Heo JO, Yu NI, Lee SA, Kim M, Kim DG, Sohn SO, Lim CE et al. . 2008. Large-scale analysis of 
the GRAS gene family in Arabidopsis thaliana. Plant Mol Biol 67(6):659-70. 
Lewis LA, McCourt RM. 2004. Green algae and the origin of land plants. Am J Bot 91(10):1535-56. 
                                                                                                                                                                                              General References 
191 
 
Li W, Tucker AE, Sung W, Thomas WK, Lynch M. 2009. Extensive, recent intron gains in Daphnia populations. Science 
326(5957):1260-2. 
Licausi F, Giorgi FM, Zenoni S, Osti F, Pezzotti M, Perata P. 2010. Genomic and transcriptomic analysis of the AP2/ERF 
superfamily in Vitis vinifera. Bmc Genomics 11:15. 
Ling HQ, Zhao S, Liu D, Wang J, Sun H, Zhang C, Fan H, Li D, Dong L, Tao Y et al. . 2013. Draft genome of the wheat A-
genome progenitor Triticum urartu. Nature 496(7443):87-90. 
Liu W, Kohlen W, Lillo A, Op den Camp R, Ivanov S, Hartog M, Limpens E, Jamil M, Smaczniak C, Kaufmann K et al. . 
2011. Strigolactone biosynthesis in Medicago truncatula and rice requires the symbiotic GRAS-type 
transcription factors NSP1 and NSP2. Plant Cell 23(10):3853-65. 
Llopart A, Comeron JM, Brunet FG, Lachaise D, Long M. 2002. Intron presence-absence polymorphism in Drosophila 
driven by positive Darwinian selection. Proc Natl Acad Sci U S A 99(12):8121-6. 
Logan BA, Kornyeyev D, Hardison J, Holaday AS. 2006. The role of antioxidant enzymes in photoprotection. 
Photosynth Res 88(2):119-32. 
Luo R, Liu B, Xie Y, Li Z, Huang W, Yuan J, He G, Chen Y, Pan Q, Liu Y et al. . 2012. SOAPdenovo2: an empirically 
improved memory-efficient short-read de novo assembler. Gigascience 1(1):18. 
Magoč T, Salzberg SL. 2011. FLASH: fast length adjustment of short reads to improve genome assemblies. 
Bioinformatics 27(21):2957-63. 
Mano J, Asada K. 1999. [Molecular mechanisms of the water-water cycle and other systems to circumvent 
photooxidative stress in plants]. Tanpakushitsu Kakusan Koso 44(15 Suppl):2239-45. 
Mathé C, Barre A, Jourda C, Dunand C. 2010. Evolution and expression of class III peroxidases. Arch Biochem Biophys 
500(1):58-65. 
Matsui T, Nakayama H, Yoshida K, Shinmyo A. 2003. Vesicular transport route of horseradish C1a peroxidase is 
regulated by N- and C-terminal propeptides in tobacco cells. Appl Microbiol Biotechnol 62(5-6):517-22. 
Mayer KF, Waugh R, Brown JW, Schulman A, Langridge P, Platzer M, Fincher GB, Muehlbauer GJ, Sato K, Close TJ et 
al. . 2012. A physical, genetic and functional sequence assembly of the barley genome. Nature 
491(7426):711-6. 
Meisner AK, Saffert A, Schreier P, Schön A. 2009. Fatty acid alpha-dioxygenase from Pisum sativum: temporal and 
spatial regulation during germination and plant development. J Plant Physiol 166(4):333-43. 
Menne KM, Hermjakob H, Apweiler R. 2000. A comparison of signal sequence prediction methods using a test set of 
signal peptides. Bioinformatics 16(8):741-2. 
Merchant SS, Prochnik SE, Vallon O, Harris EH, Karpowicz SJ, Witman GB, Terry A, Salamov A, Fritz-Laylin LK, 
Maréchal-Drouard L et al. . 2007. The Chlamydomonas genome reveals the evolution of key animal and 
plant functions. Science 318(5848):245-50. 
Meriga B, Reddy BK, Rao KR, Reddy LA, Kishor PB. 2004. Aluminium-induced production of oxygen radicals, lipid 
peroxidation and DNA damage in seedlings of rice (Oryza sativa). J Plant Physiol 161(1):63-8. 
Metzker ML. 2010. Sequencing technologies - the next generation. Nat Rev Genet 11(1):31-46. 
Milne I, Bayer M, Cardle L, Shaw P, Stephen G, Wright F, Marshall D. 2010. Tablet--next generation sequence 
assembly visualization. Bioinformatics 26(3):401-2. 
Ming R, Hou S, Feng Y, Yu Q, Dionne-Laporte A, Saw JH, Senin P, Wang W, Ly BV, Lewis KL et al. . 2008. The draft 
genome of the transgenic tropical fruit tree papaya (Carica papaya Linnaeus). Nature 452(7190):991-6. 
Ming R, VanBuren R, Liu Y, Yang M, Han Y, Li LT, Zhang Q, Kim MJ, Schatz MC, Campbell M et al. . 2013. Genome of 
the long-living sacred lotus (Nelumbo nucifera Gaertn.). Genome Biol 14(5):R41. 
Mishra S, Jha AB, Dubey RS. 2011. Arsenite treatment induces oxidative stress, upregulates antioxidant system, and 
causes phytochelatin synthesis in rice seedlings. Protoplasma 248(3):565-77. 
                                                                                                                                                                                              General References 
192 
 
Mittler R, Berkowitz G. 2001. Hydrogen peroxide, a messenger with too many roles? Redox Rep 6(2):69-72. 
Mittler R, Vanderauwera S, Gollery M, Van Breusegem F. 2004. Reactive oxygen gene network of plants. Trends Plant 
Sci 9(10):490-8. 
Monteiro G, Horta BB, Pimenta DC, Augusto O, Netto LE. 2007. Reduction of 1-Cys peroxiredoxins by ascorbate 
changes the thiol-specific antioxidant paradigm, revealing another function of vitamin C. Proc Natl Acad Sci 
U S A 104(12):4886-91. 
Moreau H, Verhelst B, Couloux A, Derelle E, Rombauts S, Grimsley N, Van Bel M, Poulain J, Katinka M, Hohmann-
Marriott MF et al. . 2012. Gene functionalities and genome structure in Bathycoccus prasinos reflect cellular 
specializations at the base of the green lineage. Genome Biol 13(8):R74. 
Morganti P, Bruno C, Guarneri F, Cardillo A, Del Ciotto P, Valenzano F. 2002. Role of topical and nutritional 
supplement to modify the oxidative stress. Int J Cosmet Sci 24(6):331-9. 
Mourier T, Jeffares DC. 2003. Eukaryotic intron loss. Science 300(5624):1393. 
Mullins LJ, Kotelevtseva N, Boyd AC, Mullins JJ. 1997. Efficient Cre-lox linearisation of BACs: applications to physical 
mapping and generation of transgenic animals. Nucleic Acids Res 25(12):2539-40. 
Myburg AA, Grattapaglia D, Tuskan GA, Hellsten U, Hayes RD, Grimwood J, Jenkins J, Lindquist E, Tice H, Bauer D et 
al. . 2014. The genome of Eucalyptus grandis. Nature 509(7505):356-62. 
Nakano Y, Nakano K, Hara I. 1981. Induction of leucocyte migration inhibitory factor (LIF) by stimulation with free 
hapten and water-insoluble epoxy resin. Clin Exp Immunol 45(2):419-26. 
Nei M, Xu P, Glazko G. 2001. Estimation of divergence times from multiprotein sequences for a few mammalian 
species and several distantly related organisms. Proc Natl Acad Sci U S A 98(5):2497-502. 
Neill S, Desikan R, Hancock J. 2002. Hydrogen peroxide signalling. Curr Opin Plant Biol 5(5):388-95. 
Neuhaus O, Emoto M, Kaufmann SH. 1996. Constitutive biological activity of thymus-independent TCR-alpha-beta+ 
intestinal intraepithelial lymphocytes in TCR-alpha-/- gene disruption mice. Immunol Lett 54(1):53-7. 
Noctor G, Foyer CH. 1998. ASCORBATE AND GLUTATHIONE: Keeping Active Oxygen Under Control. Annu Rev Plant 
Physiol Plant Mol Biol 49:249-279. 
Noctor G, Veljovic-Jovanovic S, Driscoll S, Novitskaya L, Foyer CH. 2002. Drought and oxidative load in the leaves of 
C3 plants: a predominant role for photorespiration? Ann Bot 89 Spec No:841-50. 
Nogués S, Baker NR. 2000. Effects of drought on photosynthesis in Mediterranean plants grown under enhanced UV-
B radiation. J Exp Bot 51(348):1309-17. 
Oliva M, Theiler G, Zamocky M, Koua D, Margis-Pinheiro M, Passardi F, Dunand C. 2009. PeroxiBase: a powerful tool 
to collect and analyse peroxidase sequences from Viridiplantae. Journal of Experimental Botany 60(2):453-
459. 
Oliveira-Brett AM, Vivan M, Fernandes IR, Piedade JA. 2002. Electrochemical detection of in situ adriamycin oxidative 
damage to DNA. Talanta 56(5):959-70. 
Olvera-Carrillo Y, Luis Reyes J, Covarrubias AA. 2011. Late embryogenesis abundant proteins: versatile players in the 
plant adaptation to water limiting environments. Plant Signal Behav 6(4):586-9. 
Overmyer K, Brosché M, Kangasjärvi J. 2003. Reactive oxygen species and hormonal control of cell death. Trends 
Plant Sci 8(7):335-42. 
Palenik B, Grimwood J, Aerts A, Rouzé P, Salamov A, Putnam N, Dupont C, Jorgensen R, Derelle E, Rombauts S et al. . 
2007. The tiny eukaryote Ostreococcus provides genomic insights into the paradox of plankton speciation. 
Proc Natl Acad Sci U S A 104(18):7705-10. 
Pandey S, Negi YK, Chinreddy S, Sathelly K, Arora S, Kaul T. 2014. Modeling and phylogenetic analysis of cytosolic 
ascorbate peroxidase (OsAPX1) from rice reveal signature motifs that may play a role in stress tolerance. 
Bioinformation 10(3):119-23. 
                                                                                                                                                                                              General References 
193 
 
Passaia G, Queval G, Bai J, Margis-Pinheiro M, Foyer CH. 2014. The effects of redox controls mediated by glutathione 
peroxidases on root architecture in Arabidopsis thaliana. J Exp Bot 65(5):1403-13. 
Passardi F, Bakalovic N, Teixeira FK, Margis-Pinheiro M, Penel C, Dunand C. 2007a. Prokaryotic origins of the non-
animal peroxidase superfamily and organelle-mediated transmission to eukaryotes. Genomics 89(5):567-79. 
Passardi F, Cosio C, Penel C, Dunand C. 2005. Peroxidases have more functions than a Swiss army knife. Plant Cell 
Rep 24(5):255-65. 
Passardi F, Dobias J, Valerio L, Guimil S, Penel C, Dunand C. 2007b. Morphological and physiological traits of three 
major Arabidopsis thaliana accessions. Journal of Plant Physiology 164(8):980-992. 
Passardi F, Longet D, Penel C, Dunand C. 2004a. The class III peroxidase multigenic family in rice and its evolution in 
land plants. Phytochemistry 65(13):1879-93. 
Passardi F, Penel C, Dunand C. 2004b. Performing the paradoxical: how plant peroxidases modify the cell wall. Trends 
Plant Sci 9(11):534-540. 
Passardi F, Theiler G, Zamocky M, Cosio C, Rouhier N, Teixera F, Margis-Pinheiro M, Ioannidis V, Penel C, Falquet L et 
al. . 2007c. PeroxiBase: The peroxidase database. Phytochemistry 68(12):1605-1611. 
Paterson AH, Bowers JE, Bruggmann R, Dubchak I, Grimwood J, Gundlach H, Haberer G, Hellsten U, Mitros T, 
Poliakov A et al. . 2009. The Sorghum bicolor genome and the diversification of grasses. Nature 
457(7229):551-6. 
Peng TI, Yu PR, Chen JY, Wang HL, Wu HY, Wei YH, Jou MJ. 2006. Visualizing common deletion of mitochondrial DNA-
augmented mitochondrial reactive oxygen species generation and apoptosis upon oxidative stress. Biochim 
Biophys Acta 1762(2):241-55. 
Peng Z, Lu Y, Li L, Zhao Q, Feng Q, Gao Z, Lu H, Hu T, Yao N, Liu K et al. . 2013. The draft genome of the fast-growing 
non-timber forest species moso bamboo (Phyllostachys heterocycla). Nat Genet 45(4):456-61, 461e1-2. 
Pennisi E. 2010. Scientific publishing. Genomics researchers upset by rivals' publicity. Science 329(5999):1585. 
Petersen TN, Brunak S, von Heijne G, Nielsen H. 2011. SignalP 4.0: discriminating signal peptides from 
transmembrane regions. Nat Methods 8(10):785-6. 
Ponce De León I, Schmelz EA, Gaggero C, Castro A, Álvarez A, Montesano M. 2012. Physcomitrella patens activates 
reinforcement of the cell wall, programmed cell death and accumulation of evolutionary conserved defence 
signals, such as salicylic acid and 12-oxo-phytodienoic acid, but not jasmonic acid, upon Botrytis cinerea 
infection. Mol Plant Pathol 13(8):960-74. 
Poschenrieder C, Cabot C, Martos S, Gallego B, Barceló J. 2013. Do toxic ions induce hormesis in plants? Plant Sci 
212:15-25. 
Prochnik SE, Umen J, Nedelcu AM, Hallmann A, Miller SM, Nishii I, Ferris P, Kuo A, Mitros T, Fritz-Laylin LK et al. . 
2010. Genomic analysis of organismal complexity in the multicellular green alga Volvox carteri. Science 
329(5988):223-6. 
Project AG. 2013. The Amborella genome and the evolution of flowering plants. Science 342(6165):1241089. 
Qin C, Yu C, Shen Y, Fang X, Chen L, Min J, Cheng J, Zhao S, Xu M, Luo Y et al. . 2014. Whole-genome sequencing of 
cultivated and wild peppers provides insights into Capsicum domestication and specialization. Proc Natl 
Acad Sci U S A 111(14):5135-40. 
Qiu XB, Shao YM, Miao S, Wang L. 2006. The diversity of the DnaJ/Hsp40 family, the crucial partners for Hsp70 
chaperones. Cell Mol Life Sci 63(22):2560-70. 
Radwan MA, El-Gendy KS, Gad AF. 2010. Biomarkers of oxidative stress in the land snail, Theba pisana for assessing 
ecotoxicological effects of urban metal pollution. Chemosphere 79(1):40-6. 
Rahman AY, Usharraj AO, Misra BB, Thottathil GP, Jayasekaran K, Feng Y, Hou S, Ong SY, Ng FL, Lee LS et al. . 2013. 
Draft genome sequence of the rubber tree Hevea brasiliensis. BMC Genomics 14:75. 
                                                                                                                                                                                              General References 
194 
 
Raven EL. 2000. Peroxidase-catalyzed oxidation of ascorbate. Structural, spectroscopic and mechanistic correlations 
in ascorbate peroxidase. Subcell Biochem 35:317-49. 
Raven EL, Lad L, Sharp KH, Mewies M, Moody PC. 2004. Defining substrate specificity and catalytic mechanism in 
ascorbate peroxidase. Biochem Soc Symp(71):27-38. 
Reardon W, Chakrabortee S, Pereira TC, Tyson T, Banton MC, Dolan KM, Culleton BA, Wise MJ, Burnell AM, 
Tunnacliffe A. 2010. Expression profiling and cross-species RNA interference (RNAi) of desiccation-induced 
transcripts in the anhydrobiotic nematode Aphelenchus avenae. BMC Mol Biol 11:6. 
Rensing SA, Lang D, Zimmer AD, Terry A, Salamov A, Shapiro H, Nishiyama T, Perroud PF, Lindquist EA, Kamisugi Y et 
al. . 2008. The Physcomitrella genome reveals evolutionary insights into the conquest of land by plants. 
Science 319(5859):64-9. 
Rodríguez-Trelles F, Tarrío R, Ayala FJ. 2006. Origins and evolution of spliceosomal introns. Annu Rev Genet 40:47-76. 
Rogozin IB, Sverdlov AV, Babenko VN, Koonin EV. 2005. Analysis of evolution of exon-intron structure of eukaryotic 
genes. Brief Bioinform 6(2):118-34. 
Roure B, Baurain D, Philippe H. 2013. Impact of missing data on phylogenies inferred from empirical phylogenomic 
data sets. Mol Biol Evol 30(1):197-214. 
Roux C, Castric V, Pauwels M, Wright SI, Saumitou-Laprade P, Vekemans X. 2011. Does Speciation between 
Arabidopsis halleri and Arabidopsis lyrata Coincide with Major Changes in a Molecular Target of 
Adaptation? Plos One 6(11):8. 
Roy SW, Gilbert W. 2006. The evolution of spliceosomal introns: patterns, puzzles and progress. Nat Rev Genet 
7(3):211-21. 
Rozas J, Rozas R. 1995. DnaSP, DNA sequence polymorphism: an interactive program for estimating population 
genetics parameters from DNA sequence data. Comput Appl Biosci 11(6):621-5. 
Saffert A, Hartmann-Schreier J, Schön A, Schreier P. 2000. A dual function alpha-dioxygenase-peroxidase and NAD(+) 
oxidoreductase active enzyme from germinating pea rationalizing alpha-oxidation of fatty acids in plants. 
Plant Physiol 123(4):1545-52. 
Sagi M, Davydov O, Orazova S, Yesbergenova Z, Ophir R, Stratmann JW, Fluhr R. 2004. Plant respiratory burst oxidase 
homologs impinge on wound responsiveness and development in Lycopersicon esculentum. Plant Cell 
16(3):616-28. 
Sakuma Y, Liu Q, Dubouzet JG, Abe H, Shinozaki K, Yamaguchi-Shinozaki K. 2002. DNA-binding specificity of the 
ERF/AP2 domain of Arabidopsis DREBs, transcription factors involved in dehydration- and cold-inducible 
gene expression. Biochem Biophys Res Commun 290(3):998-1009. 
Sato S, Hirakawa H, Isobe S, Fukai E, Watanabe A, Kato M, Kawashima K, Minami C, Muraki A, Nakazaki N et al. . 
2011. Sequence analysis of the genome of an oil-bearing tree, Jatropha curcas L. DNA Res 18(1):65-76. 
Sato S, Nakamura Y, Kaneko T, Asamizu E, Kato T, Nakao M, Sasamoto S, Watanabe A, Ono A, Kawashima K et al. . 
2008. Genome structure of the legume, Lotus japonicus. DNA Res 15(4):227-39. 
Scandalios JG. 1993. Oxygen Stress and Superoxide Dismutases. Plant Physiol 101(1):7-12. 
Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, Liang C, Zhang J, Fulton L, Graves TA et al. . 2009. The 
B73 maize genome: complexity, diversity, and dynamics. Science 326(5956):1112-5. 
Schopfer P. 2001. Hydroxyl radical-induced cell-wall loosening in vitro and in vivo: implications for the control of 
elongation growth. Plant J 28(6):679-88. 
Semchuk NM, Lushchak OV, Falk J, Krupinska K, Lushchak VI. 2009. Inactivation of genes, encoding tocopherol 
biosynthetic pathway enzymes, results in oxidative stress in outdoor grown Arabidopsis thaliana. Plant 
Physiol Biochem 47(5):384-90. 
Sharma P, Bodhankar SL, Thakurdesai PA. 2012. Protective effect of aqueous extract of Feronia elephantum correa 
leaves on thioacetamide induced liver necrosis in diabetic rats. Asian Pac J Trop Biomed 2(9):691-5. 
                                                                                                                                                                                              General References 
195 
 
Sharma P, Kulshreshtha S, Singh GM, Bhagoliwal A. 2007. Role of bromocriptine and pyridoxine in premenstrual 
tension syndrome. Indian J Physiol Pharmacol 51(4):368-74. 
Sharma PK, Bhardwaj R, Dwarakanath BS, Varshney R. 2010. Metabolic oxidative stress induced by a combination of 
2-DG and 6-AN enhances radiation damage selectively in malignant cells via non-coordinated expression of 
antioxidant enzymes. Cancer Lett 295(2):154-66. 
Shen HB, Chou KC. 2007. Signal-3L: A 3-layer approach for predicting signal peptides. Biochem Biophys Res Commun 
363(2):297-303. 
Shoemaker L, Greenway CV, Peeling J, Sutherland G, Tomlinson G. 1991. Quantitative proton nuclear magnetic 
resonance of plasma for screening hepatic metabolism during ethanol infusion in cats. Can J Physiol 
Pharmacol 69(5):570-5. 
Shulaev V, Sargent DJ, Crowhurst RN, Mockler TC, Folkerts O, Delcher AL, Jaiswal P, Mockaitis K, Liston A, Mane SP et 
al. . 2011. The genome of woodland strawberry (Fragaria vesca). Nat Genet 43(2):109-16. 
Sierro N, Battey JN, Ouadi S, Bovet L, Goepfert S, Bakaher N, Peitsch MC, Ivanov NV. 2013. Reference genomes and 
transcriptomes of Nicotiana sylvestris and Nicotiana tomentosiformis. Genome Biol 14(6):R60. 
Singh R, Ong-Abdullah M, Low ET, Manaf MA, Rosli R, Nookiah R, Ooi LC, Ooi SE, Chan KL, Halim MA et al. . 2013. Oil 
palm genome sequence reveals divergence of interfertile species in Old and New worlds. Nature 
500(7462):335-9. 
Slesak I, Libik M, Karpinska B, Karpinski S, Miszalski Z. 2007. The role of hydrogen peroxide in regulation of plant 
metabolism and cellular signalling in response to environmental stresses. Acta Biochim Pol 54(1):39-50. 
Slotte T, Hazzouri KM, Ågren JA, Koenig D, Maumus F, Guo YL, Steige K, Platts AE, Escobar JS, Newman LK et al. . 
2013. The Capsella rubella genome and the genomic consequences of rapid mating system evolution. Nat 
Genet 45(7):831-5. 
Solovyev V, Kosarev P, Seledsov I, Vorobyev D. 2006. Automatic annotation of eukaryotic genes, pseudogenes and 
promoters. Genome Biol 7 Suppl 1:S10.1-12. 
Stein L. 2001. Genome annotation: from sequence to biology. Nat Rev Genet 2(7):493-503. 
Su L, Zhao CZ, Bi YP, Wan SB, Xia H, Wang XJ. 2011. Isolation and expression analysis of LEA genes in peanut (Arachis 
hypogaea L.). J Biosci 36(2):223-8. 
Sun L, Cheng H, Zhou Y, Wang J. 2012. Broadband metamaterial absorber based on coupling resistive frequency 
selective surface. Opt Express 20(4):4675-80. 
Sunil B, Talla SK, Aswani V, Raghavendra AS. 2013. Optimization of photosynthesis by multiple metabolic pathways 
involving interorganelle interactions: resource sharing and ROS maintenance as the bases. Photosynth Res 
117(1-3):61-71. 
Suzuki N, Miller G, Morales J, Shulaev V, Torres MA, Mittler R. 2011. Respiratory burst oxidases: the engines of ROS 
signaling. Curr Opin Plant Biol 14(6):691-9. 
Swarup R, Kargul J, Marchant A, Zadik D, Rahman A, Mills R, Yemm A, May S, Williams L, Millner P et al. . 2004. 
Structure-function analysis of the presumptive Arabidopsis auxin permease AUX1. Plant Cell 16(11):3069-
83. 
Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: molecular evolutionary genetics 
analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods. Mol Biol Evol 
28(10):2731-9. 
Tanou G, Molassiotis A, Diamantidis G. 2009. Hydrogen peroxide- and nitric oxide-induced systemic antioxidant 
prime-like activity under NaCl-stress and stress-free conditions in citrus plants. J Plant Physiol 166(17):1904-
13. 
Taylor JS, Raes J. 2004. Duplication and divergence: the evolution of new genes and old ideas. Annu Rev Genet 
38:615-43. 
                                                                                                                                                                                              General References 
196 
 
Thompson JD, Higgins DG, Gibson TJ. 1994. Improved sensitivity of profile searches through the use of sequence 
weights and gap excision. Comput Appl Biosci 10(1):19-29. 
Tippmann HF. 2004. Analysis for free: comparing programs for sequence analysis. Brief Bioinform 5(1):82-7. 
Tirajoh A, Aung TS, McKay AB, Plant AL. 2005. Stress-responsive alpha-dioxygenase expression in tomato roots. J Exp 
Bot 56(412):713-23. 
Tognolli M, Penel C, Greppin H, Simon P. 2002. Analysis and expression of the class III peroxidase large gene family in 
Arabidopsis thaliana. Gene 288(1-2):129-38. 
Tong H, Jin Y, Liu W, Li F, Fang J, Yin Y, Qian Q, Zhu L, Chu C. 2009. DWARF AND LOW-TILLERING, a new member of 
the GRAS family, plays positive roles in brassinosteroid signaling in rice. Plant J 58(5):803-16. 
Torres-Galea P, Hirtreiter B, Bolle C. 2013. Two GRAS proteins, SCARECROW-LIKE21 and PHYTOCHROME A SIGNAL 
TRANSDUCTION1, function cooperatively in phytochrome A signal transduction. Plant Physiol 161(1):291-
304. 
Tournier JD, Calamante F, Gadian DG, Connelly A. 2003a. Diffusion-weighted magnetic resonance imaging fibre 
tracking using a front evolution algorithm. Neuroimage 20(1):276-88. 
Tournier V, Grat S, Marque C, El Kayal W, Penchel R, de Andrade G, Boudet AM, Teulières C. 2003b. An efficient 
procedure to stably introduce genes into an economically important pulp tree (Eucalyptus grandis x 
Eucalyptus urophylla). Transgenic Res 12(4):403-11. 
Tsai IJ, Otto TD, Berriman M. 2010. Improving draft assemblies by iterative mapping and assembly of short reads to 
eliminate gaps. Genome Biol 11(4):R41. 
Tuominen H, Puech L, Fink S, Sundberg B. 1997. A Radial Concentration Gradient of Indole-3-Acetic Acid Is Related to 
Secondary Xylem Development in Hybrid Aspen. Plant Physiol 115(2):577-585. 
Tuskan GA, Difazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, Putnam N, Ralph S, Rombauts S, Salamov A et al. 
. 2006. The genome of black cottonwood, Populus trichocarpa (Torr. & Gray). Science 313(5793):1596-604. 
Uggla C, Moritz T, Sandberg G, Sundberg B. 1996. Auxin as a positional signal in pattern formation in plants. Proc Natl 
Acad Sci U S A 93(17):9282-6. 
Ulitsky I, Maron-Katz A, Shavit S, Sagir D, Linhart C, Elkon R, Tanay A, Sharan R, Shiloh Y, Shamir R. 2010. Expander: 
from expression microarrays to networks and functions. Nat Protoc 5(2):303-22. 
van Bakel H, Stout JM, Cote AG, Tallon CM, Sharpe AG, Hughes TR, Page JE. 2011. The draft genome and 
transcriptome of Cannabis sativa. Genome Biol 12(10):R102. 
Varshney RK, Chen W, Li Y, Bharti AK, Saxena RK, Schlueter JA, Donoghue MT, Azam S, Fan G, Whaley AM et al. . 
2012. Draft genome sequence of pigeonpea (Cajanus cajan), an orphan legume crop of resource-poor 
farmers. Nat Biotechnol 30(1):83-9. 
Varshney RK, Song C, Saxena RK, Azam S, Yu S, Sharpe AG, Cannon S, Baek J, Rosen BD, Tar'an B et al. . 2013. Draft 
genome sequence of chickpea (Cicer arietinum) provides a resource for trait improvement. Nat Biotechnol 
31(3):240-6. 
Velasco R, Zharkikh A, Affourtit J, Dhingra A, Cestaro A, Kalyanaraman A, Fontana P, Bhatnagar SK, Troggio M, Pruss 
D et al. . 2010. The genome of the domesticated apple (Malus × domestica Borkh.). Nat Genet 42(10):833-9. 
Verde I, Abbott AG, Scalabrin S, Jung S, Shu S, Marroni F, Zhebentyayeva T, Dettori MT, Grimwood J, Cattonaro F et 
al. . 2013. The high-quality draft genome of peach (Prunus persica) identifies unique patterns of genetic 
diversity, domestication and genome evolution. Nat Genet 45(5):487-94. 
Villamor N, López-Guillermo A, López-Otín C, Campo E. 2013. Next-generation sequencing in chronic lymphocytic 
leukemia. Semin Hematol 50(4):286-95. 
Voorrips RE. 2002a. MapChart: Software for the graphical presentation of linkage maps and QTLs. Journal of Heredity 
93(1):77-78. 
                                                                                                                                                                                              General References 
197 
 
Voorrips RE. 2002b. MapChart: software for the graphical presentation of linkage maps and QTLs. J Hered 93(1):77-8. 
Wang L, Burhenne K, Kristensen BK, Rasmussen SK. 2004. Purification and cloning of a Chinese red radish peroxidase 
that metabolise pelargonidin and forms a gene family in Brassicaceae. Gene 343(2):323-35. 
Wang N, Thomson M, Bodles WJ, Crawford RM, Hunt HV, Featherstone AW, Pellicer J, Buggs RJ. 2013. Genome 
sequence of dwarf birch (Betula nana) and cross-species RAD markers. Mol Ecol 22(11):3098-111. 
Wang W, Haberer G, Gundlach H, Gläßer C, Nussbaumer T, Luo MC, Lomsadze A, Borodovsky M, Kerstetter RA, 
Shanklin J et al. . 2014. The Spirodela polyrhiza genome reveals insights into its neotenous reduction fast 
growth and aquatic lifestyle. Nat Commun 5:3311. 
Wang X, Wang H, Wang J, Sun R, Wu J, Liu S, Bai Y, Mun JH, Bancroft I, Cheng F et al. . 2011. The genome of the 
mesopolyploid crop species Brassica rapa. Nat Genet 43(10):1035-9. 
Wang XQ, Tank DC, Sang T. 2000. Phylogeny and divergence times in Pinaceae: evidence from three genomes. Mol 
Biol Evol 17(5):773-81. 
Welinder KG, Justesen AF, Kjaersgård IV, Jensen RB, Rasmussen SK, Jespersen HM, Duroux L. 2002. Structural 
diversity and transcription of class III peroxidases from Arabidopsis thaliana. Eur J Biochem 269(24):6063-
81. 
Wiciarz M, Gubernator B, Kruk J, Niewiadomska E. 2014. Enhanced chloroplastic generation of H2 O2 in stress-
resistant Thellungiella salsuginea in comparison to Arabidopsis thaliana. Physiol Plant. 
Wikström N, Savolainen V, Chase MW. 2001. Evolution of the angiosperms: calibrating the family tree. Proc Biol Sci 
268(1482):2211-20. 
Wilkerson MD, Ru Y, Brendel VP. 2009a. Common introns within orthologous genes: software and application to 
plants. Brief Bioinform 10(6):631-44. 
Wilkerson MD, Ru YB, Brendel VP. 2009b. Common introns within orthologous genes: software and application to 
plants. Briefings in Bioinformatics 10(6):631-644. 
Worden AZ, Lee JH, Mock T, Rouzé P, Simmons MP, Aerts AL, Allen AE, Cuvelier ML, Derelle E, Everett MV et al. . 
2009. Green evolution and dynamic adaptations revealed by genomes of the marine picoeukaryotes 
Micromonas. Science 324(5924):268-72. 
Wu J, Wang Z, Shi Z, Zhang S, Ming R, Zhu S, Khan MA, Tao S, Korban SS, Wang H et al. . 2013. The genome of the 
pear (Pyrus bretschneideri Rehd.). Genome Res 23(2):396-408. 
Xu G, Guo C, Shan H, Kong H. 2012. Divergence of duplicate genes in exon-intron structure. Proc Natl Acad Sci U S A 
109(4):1187-92. 
Xu Q, Chen LL, Ruan X, Chen D, Zhu A, Chen C, Bertrand D, Jiao WB, Hao BH, Lyon MP et al. . 2013. The draft genome 
of sweet orange (Citrus sinensis). Nat Genet 45(1):59-66. 
Xuan J, Yu Y, Qing T, Guo L, Shi L. 2013. Next-generation sequencing in the clinic: promises and challenges. Cancer 
Lett 340(2):284-95. 
Yakovlev IA, Hietala AM, Steffenrem A, Solheim H, Fossdal CG. 2008. Identification and analysis of differentially 
expressed Heterobasidion parviporum genes during natural colonization of Norway spruce stems. Fungal 
Genet Biol 45(4):498-513. 
Yang R, Jarvis DE, Chen H, Beilstein MA, Grimwood J, Jenkins J, Shu S, Prochnik S, Xin M, Ma C et al. . 2013. The 
Reference Genome of the Halophytic Plant Eutrema salsugineum. Front Plant Sci 4:46. 
Yang XJ, Dong M, Huang ZY. 2010. Role of mucilage in the germination of Artemisia sphaerocephala (Asteraceae) 
achenes exposed to osmotic stress and salinity. Plant Physiology and Biochemistry 48(2-3):131-135. 
Yang Z, Nielsen R, Goldman N, Pedersen AM. 2000. Codon-substitution models for heterogeneous selection pressure 
at amino acid sites. Genetics 155(1):431-49. 
Yenerall P, Zhou L. 2012. Identifying the mechanisms of intron gain: progress and trends. Biol Direct 7:29. 
                                                                                                                                                                                              General References 
198 
 
Yu J, Hu S, Wang J, Wong GK, Li S, Liu B, Deng Y, Dai L, Zhou Y, Zhang X et al. . 2002. A draft sequence of the rice 
genome (Oryza sativa L. ssp. indica). Science 296(5565):79-92. 
Zhang LY, Yang YF, Niu DK. 2010. Evaluation of models of the mechanisms underlying intron loss and gain in 
Aspergillus fungi. J Mol Evol 71(5-6):364-73. 
Zhang Q, Chen W, Sun L, Zhao F, Huang B, Yang W, Tao Y, Wang J, Yuan Z, Fan G et al. . 2012. The genome of Prunus 
mume. Nat Commun 3:1318. 
Zhang Q, Gorden JD, Goldsmith CR. 2013. C-H oxidation by H2O2 and O2 catalyzed by a non-heme iron complex with 
a sterically encumbered tetradentate N-donor ligand. Inorg Chem 52(23):13546-54. 
Zhang Y, Irshaidat T, Wang H, Waynant KV, Herndon JW. 2008. Coupling of Fischer carbene complexes with 
conjugated enediynes featuring radical traps; Novel structure and reactivity features of chromium 
complexed arene diradical species. J Organomet Chem 693(21-22):3337-3345. 
Zhang Z, Li J, Zhao XQ, Wang J, Wong GK, Yu J. 2006. KaKs_Calculator: calculating Ka and Ks through model selection 
and model averaging. Genomics Proteomics Bioinformatics 4(4):259-63. 
Zhu G, Koszelak-Rosenblum M, Malkowski MG. 2013. Crystal structures of α-dioxygenase from Oryza sativa: insights 
into substrate binding and activation by hydrogen peroxide. Protein Sci 22(10):1432-8. 
Zhu T, Niu DK. 2013. Mechanisms of intron loss and gain in the fission yeast Schizosaccharomyces. PLoS One 
8(4):e61683. 
Zhuang J, Cai B, Peng RH, Zhu B, Jin XF, Xue Y, Gao F, Fu XY, Tian YS, Zhao W et al. . 2008. Genome-wide analysis of 
the AP2/ERF gene family in Populus trichocarpa. Biochem Biophys Res Commun 371(3):468-74. 
 
  
 
 
 
 
 
 
 
 
 
Publications and Contributions during this Thesis 
  
                                                                                   Qiang LI’s Publications and Contributions during this Thesis 
199 
 
Qiang LI’s Publications and Contributions during this Thesis 
 
Articles: 
(i) Nizar Fawal*, Qiang Li*, Bruno Savelli*, Marie Brette, Gisele Passaia, Maxime Fabre, Catherine 
Mathé and Christophe Dunand, PeroxiBase: a database for large-scale evolutionary analysis of 
peroxidases. Nucleic Acids Research, 2013, Vol. 41, Database issue D441–D444.  
 Annotatation peroxidases from lots of organisms to increase the data amount of 
PeroxiBase.  
 The design of the new logo and the interface 
 Review of the pending sequences in PeroxiBase 
 
(ii) Nizar Fawal, Qiang Li, Catherine Mathé, Christophe Dunand, Automatic multigenic family 
annotation: risks and solutions. Trends in Genetics, 2014, 30 (8), 323-325. 
 Comparation of automatic and manual annotation 
 
(iii) Qiang Li, Helene San-clemente, Luc Harvengt, Christophe Dunand, Global Evolutionary 
Analysis of Hydrogen Peroxide Related ROS Gene Network in Four Eucalyptus species. (Submitted) 
 Annotation of peroxidases from the four Eucalyptus species 
 All the bench work within this study 
 Data analysis and paper writing: the whole paper including the tables and figures. 
 
(iv) Qiang Li, Hong Yu, Phi Bang Cao, Nizar Fawal, Catherine Mathé, Sahar Azar, Hua Wang, 
Alexander A. Myburg, Jacqueline Grima-Pettenati, Christiane Marque, Chantal Teulières and 
Christophe Dunand, Explosive tandem and segmental duplications of multigenic families in 
Eucalyptus grandis. (Submitted) 
                                                                                   Qiang LI’s Publications and Contributions during this Thesis 
200 
 
 Annotation of peroxidases families 
 Technic support of the annotation of other families 
 Paper writing: all the parts of peroxidases families, all the tables and figures for the 
whole manualscript, the supporting figures about the heat maps. 
 
(v) Qiang Li, Endymion D. Cooper, Philippe Ranocha, Christophe Dunand, The Class III Peroxidases 
in Basal Plants Provide Insights into the Evolutionary Study of this Gene Family in Green Lineage. 
(In Preparation) 
 Annotation of peroxidases families from series of plants  
 Genomic sequencing, assembly, annotation of Spirogyra 
 Bench work: activity detection of series of plants 
 Data analysis and paper writing: the whole paper including the tables and figures. 
 
Poster presentation: 
(i) Qiang Li, Catherine Mathé, Christophe Dunand, Global Evolutionary Analysis of ROS Gene 
Network in Eucalyptus Species, Poster, Marseille, 2012-09. 
(ii) Qiang Li, Catherine Mathe, Helene Berges, Arnaud Bellec, Christophe Dunand, Looking for 
Ancestral Class III Peroxidases in Green Lineage, Poster, Marseille, 2012-09. 
(iii) Nizar Fawal, Qiang Li, Bruno Savelli, Marie Brette, Maxime Fabre, Catherine Mathé, 
Christophe Dunand, PeroxiBase: a database for large scale peroxidases’ multigenic families’ 
evolutionary analysis, Poster, Marseille, 2012-09. 
  
 
 
 
 
 
 
 
 
 
Apendix 
 
 
                                                                                                                                                                                               Appendix 
201 
 
Appendix 
A-1 Definitions of Correct, Incorrect and Missed Annotation of Phytozome 
 
 
Note: *PeroxiBase II is copy of the PeroxiBase used to store some personal data, temporary data and 
unverified entries. It also contains the same tools than the main base for gene annotation.  
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A-2 Sources of Automatic Annotation Errors 
 
 
                                                                                                                                                                                               Appendix 
203 
 
Note: The errors in the figure are summarized from the annotation of peroxidases in E. grandis, E. 
camaldulensis, A. coerulea, C. clementina, C. papaya, C. sativus, C. sinensis, G. max, M. esculenta, M. 
guttatus, M. truncatula, P. patens, P. persica, R. communis, S. italica, T. halophila, V. vinifera, L. 
usitatissimum of which the genomic data and the proteinic data are available in Phytozome or Kazusa. The 
rectangular blocks represent the exons and the lines between exons represent the introns; blocks filled 
with blue repesent the exons predicted while the gray ones represent the missing exons during the 
automatic annotation precess. The extra exons predicted are fully filled in red color. The star symbol 
represents the stop codon in protein. The genes, exons and introns are not to the scale.  
        In situation 1 and 2, parts of a gene were not predicted due to the undetermined nucleotide acids 
coming from the sequencing process. In situation 3, only partial sequence was predicted due to the 
ending of the contig or the scaffold. The 4th situation, two very similar sequences (identity >99%) one of 
which located on the chromosome while the other located on a scaffold which have not yet assembled to 
a chromosome were predicted. The one on scaffold might be the same with the one located on 
chromosome. Due to the nucleotide acids’ insertion or the missing a frame shift would be included in the 
predicted gene which was showed in situation 5. In situation 6 a part of intron was predicted as the exon 
due to the mutation or the missing of the shearing signal for the intron detection. 7: extra C-terminal was 
predicted in the peptide due to the mutation or missing of the stop codon. 8: some stop codons were 
detected in frame as a result of the pseudogene or the bad sequencing. 9: ORF fusion occurred during the 
annotation: the first exons of gene A were fused together to recombine a ‘new’ peptide. This situation 
always occurred among near located genes. 10: due to the ‘ATG’ before the start codon and not far away 
from the start, an extra mis-predicted N-terminal was always occurring. 11: due to the far related 
reference used in automatic annotation, some genes would not been detected and annotated. 12: in the 
assembly process, part of a gene was assembled at the incorrect position which leads to the big incorrect 
intron. In the automatic prediction this gene sometimes was annotated as two different genes.  
        To resolve the problems in situations 1, 2, 3, 5 and 8, some other databases should be used to 
manually complete or correct the annotation. Sometimes the experimental detection and sequencing are 
also necessary to fix the problem. For situation 11, using a close reference should be efficient to find the 
non-predicted genes. For the situations 4, 7, 9, 10 and 12, a manual annotation process using Blast was 
suggested.  
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A-3 Actual Versus Automatic Predictions 
 
Orgnism
Correctly 
predicted 
sequences
Incorrectly 
predicted 
sequences
Total  
predicted
Completely 
missed 
sequences
Actual  
sequences
Missed/Tot
a l
Incorrect/To
tal
% Re-
annotation
Sens itivi ty= 
correct/real
Speci ficty= 
correct/tota
l  predicted
Carica papaya 36 21 57 0 57 0 36.84% 36.84% 63.16% 63.16%
Citrus clementina 49 31 80 1 81 1.23% 38.27% 39.51% 60.49% 61.25%
Citrus sinensis 48 24 72 3 75 4.00% 32.00% 36.00% 64.00% 66.67%
Cochliobolus sativus 53 14 67 1 68 1.47% 20.59% 22.06% 77.94% 79.10%
Eucalyptus camaldulensis 69 96 165 5 170 2.94% 56.47% 59.41% 40.59% 41.82%
Eucalyptus grandis 61 32 93 88 181 48.62% 17.68% 66.30% 33.70% 65.59%
Linum usitatissimum 87 45 132 1 133 0.75% 33.83% 34.59% 65.41% 65.91%
Manihot esculenta 85 18 103 2 105 1.90% 17.14% 19.05% 80.95% 82.52%
Medicago truncatula 61 12 73 33 106 31.13% 11.32% 42.45% 57.55% 83.56%
Prunus patens 51 18 69 2 71 2.82% 25.35% 28.17% 71.83% 73.91%
Ricinus communis 45 31 76 3 79 3.80% 39.24% 43.04% 56.96% 59.21%
Setaria italica 125 30 155 6 161 3.73% 18.63% 22.36% 77.64% 80.65%
Thellungiella halophila 62 11 73 0 73 0 15.07% 15.07% 84.93% 84.93%
Vitis vinifera 67 7 74 23 97 23.71% 7.22% 30.93% 69.07% 90.54%  
Note: In this table, we show the results of automatic predictions for different eukaryotes for Class III 
peroxidases, a well conserved (sequence wise and gene structure wise) sub class of the peroxidase 
superfamily. Two patterns can be found: i) the prediction of sequences from closely related species yields 
results with a great sensitivity (the proportion of annotated sequences that have been predicted) above 
93%, but with a specificity (the proportion of predicted sequences that are correctly annotated) of 46-84%. 
Nevertheless, a mean of 47% of the sequences need to be re-annotated. ii). the prediction of sequences 
from species that are not closely related (for example, P. patens) or with an incomplete genome (for 
example, M. truncatula) yields mediocre results with a low sensitivity (34-72%) and a specificity between 
65-90%. However, a mean of 56% of sequences need to be re-annotated. 
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A-4 New Interface of PeroxiBase 
 
 
PeroxiBase is a central database dedicated for peroxidases. During the resent years the number of records 
have been increased rapidly. They covered all the kingdoms of life. It is also much more than just a 
database because there are a lot of build-in tools. We can do data retrieval with Blast and search, we can 
category peroxidases with Peroxiscan, We can analyse gene structure with CIWOG and GEGA, and 
perform phylogeny with PhyML. Peroxibase is hosted by GenoToul bioinformatics facility. The computing 
cluster of genotoul makes PeroxiBase powerful for complex bioinformatics analysis. The database has 
been updated with a modern and easy to use interface. We can access to the tools and sequences easily. 
So based on the new interface, the increasing data, the tools and the powerful host we can say it has 
become a working platform for large-scale evolutionary analysis of peroxidases.  
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experte et exhaustive. L'analyse comparative a été menée et montre les différentes fonctions de conservation, 
d'expression et la duplication des 11 familles de gènes ROS ainsi que les caractères sur la taille des familles, le gain 
ou la perte de la gêne, des profils d'expression et les dates de divergence des quatre espèces d'eucalyptus. Dans 
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